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A phase shift analysis of relative differential cross section measurements
was developed to very accurately place such measurements on. an absolute scale.
i~his'method was used to analyze all previous differential elastic cross section
measurements for e-He scattering.

We have measured the prompt and delayed excitation functions of the b3k+
ind d3A states of CO as well as the optical decay of these states in delayed coin-
cidence to make definite measurements of the lifetimes and quenching cross scetionE
[or these states. In addition we have extracted the (d - x)/(d - a) branching
ratios for the v' = 4, 5 levels from this data. Briefly, measured lifetimes take
account of the presence of cascades which has not been accounted for in the
analysis of previous measurements.

The electron photon angular correlation function in the scattering plane
for excitation of the 21P state of He for electron energies from 80 to 500 eV and
for a range of electron scattering angles from 50 to 1000 were measured. These
measurements, together with other measurements, are used to examine the behavior
of the Fano-Macek alignment and orientation parameters for electron energies from
40 to 500 eV.

The angular correlation measurements are only in agreement with one calcu-
lation (the distorted wave calculation of Madison) over the entire energy and
jangular range. The study of the alignment and orientation has permitted expla-
nation of this scattering process in terms of the small angle scattering being
due to the attractive atomic polarizibility and the large angle scattering as
being due to repulsive scattering from the bound electrons over the entire
energy range.
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TECHNICAL REPORT

AFOSR 75-2866

AFOSR-TR. 80 -1000 period ending 14 June 1980

The experimental program is aimed at an understanding of the physics

necessary for the design of lasers which are excited by electron impact.

We measure electron impact excitation cross sections, optical branching

ratios of the subsequent decays, excited state lifetimes, polarization

of radiation, collisional deactivation and energy transfer rates. We also

measure cross sections for the excitation of fine structure levels and

alignment and orientation parameters. The measurements are performed

with sufficient electron energy resolution so that the role of resonances

in the excitation process may be studied. k

The experiments thus far have been carried out in two apparatuses. In

one apparatus a pulsed electron gun with less than 500 p sec cut off is used

* to excite atoms or molecules contained in a gas cell. Time resolved

*spectroscopy is used to study prompt and delayed excitation functions, life-

times, quenching cross sections, collisional energy transfer rates and branching

ratios. In a second apparatus an electron beam is cross fired with an atomic

or molecular beam target. Electrons which have excited a particular state

of the target are detected in delayed coincidence with photons emitted in

the decay of that target state in the scattering plane. For a particular

electron impact energy the angular correlation function for a particular

excitation is studied. From this information, cross sections for exciting

fine structure levels, alignment and orientation parameters, target multipole

moments, and even excited state wave functions within an arbitrary phase

factor are extracted. A third apparatus has been recently constructed.

In this apparatus an electron beam will be cross fired with a very well

collimated neutral beam source. A tunable dye laser will be interacted
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with a target neutral beam to select a particular target state. Following

the electron impact a second tunable dye laser will be used to interrogate

the scattered neutrals as to their final states. This laser spectroscopy

technique will allow an. energy resolution of about 5 x 10- 8 eV which

represents an improvement of about 5 1/2 orders of magnitude in every

resolution over the standard technology used in this type of experiment.

Present Results

We have developed a phase shift analysis of relative differential cross

section measurements to very accurately place such measurements on an

absolute scale. We have used this method to analyze all previous differential

elastic cross section measurements for e-He scattering. This is discussed in

detail in Publication (1).

We have used apparatus I to measure the prompt and delayed excitation

functions of the b3Z+ and d3A states of CO. We have also used this apparatus

to study the optical decay of these states in delayed coincidence to make

definite measurements of the lifetimes and quenching cross sections for these

states. In addition we have extracted the (d 4 xJ/(d + a) branching ratios.

for the v' = 4, 5 levels from our data. The apparatus, technique used and

results obtained arc described in Publications (2) and (6). Briefly, our

measured lifetimes take account of the presence of cascades. This fact has

not been accounted for in the analysis of previous measurements.

The second apparatus was to measure the electron photon angular correlation

function in the scattering plane for excitation of the 21 P state of He for

electron energies from 80 to 500 eV and for a range of electron scattering

angles from 50 to 1000. This work is described in Publications (3), (4),

and (5). We have used the measurements together with other measurements to

examine the behavior of the Fano-Macek alignment and orientation parameters

for electron energies from 40 to 500 eV.



The angular correlation measurements are only in agreement with

one calculation (the distorted wave calculation of Madison over the

* entire energy and angularrange. The study of the alignment and orientation

has allowed us to explain this scattering process in terms of the small

angle scattering being due to the attractive atomic polarizibility and the

large angle scattering as being due to repulsive scattering from the bound

electrons over the entire energy range.

Professor Golden has been asked to give an invited talk on Electron-

Photon Correlation in Electron Impact Excitation at the next annual DEAP

Meeting in Los Angeles.

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AJSC)
NOTICE OF TRANSMITTAL TO DDC

This technical report haz been reviewed and is
approved fozi,'x,lic release IAN AFR 190-12 (7b).
Distribution is unlimited.
4. D. BLOSE ,
technical inforimtion Offioer

'I



AFOSR 75-2866
Period June 15, 1979 to

June 14, 1980

Publications

1) N.C. Steph, L. McDonald and D.E. Golden, Analysis of Low Energy Scattering

Cross Sections, I - Electron-Helium Elastic Scattering, J. Phys. B. 12,
1507 (1979)

2) J.R. Twist, W. Paske, T.O. Rhymes, G.N. Haddad, and D.E. Golden, Low
Energy Electron Impact Excitation of the b 3E+ State of CO, J. Chem. Phys.
71, 2345 (1979)

3) D.E. Golden and N.C. Steph, Correlation Effects in Electron-Atom Scatt ering,
In Coherence and Correlation Effects in Atomic Physics, Plenum Press (1979)

4) N.C. Steph and D.E. Golden, Electron-Photon Angular Correlation Measurements
of He 1 1S-21P Excitation at 80 eV, Phys. Rev. A (March 1980)

5) N.C. Steph and D.E. Golden, IAlignment and Orientation in the Electron
Impact Excitation of the 21? State of He from 40-500 eV, Phys. Rev. A
(accepted for publication January 1980)

6) W.C. Paske, J.R. Twist, A.W. Garrett and D.E. Golden, Low Energy Electron
Impact Excitation and Radiative Decay of the d3A State of CO, J. Chem.
Phys. (accepted for publication February 1980)

Abstracts and Proceeding's

W. C. Paske, J. R. Twist and D. E. Golden, Low Energy Electron ImDact

Excitation of the d and e States of CO, Bull. Am. Phys. Soc. 24, 1170 (1979)

N. C. Steph and D. E. Golden, Alicnment and Orientation Parameters for

He 11S-2 1S Excitation, Bull. Am. Phys. Soc. 24, 1189 (1979)

D. E. Golden, Orientation in Electron Impact Excitation, Invited Paper, Second
George Schulz Memorial Symposium, Yale University (1979) P.

I

III



* .

4i

Al

it
From: COHERENCE AND CORRELATION I ATOMIC COLUSICNS

Ec'i led by H. Kleinpoppen and J.F. Williams 4
(Plenum Publishing Corporation, 1980)

Correlation
in Electron-Atom Excitation

D. E. GOLDEN AND N. C. STEP.

The use of delayed coincidences and photon polarization measurements to study
correlation effects in electrop-atom inelastic scattering is detailed. Sources ofsystematic
error in experimental results with respect to determination of the correlation parameters
A and X for helium are discussed. The results of several calculations are compared to
the experimental data for the 21P, state of helium.

Correlation, which indicates a lack of internal independence, has not been discussed
as such in the atomic physics literature until relatively recently. However, corre'ation
has been discussed extensively in high-energy, nuclear, and solid-state physics. The
underlying idea is that internal symmetries may be uncovered by fixing the external
symmetries in the preparation of an experiment or calculation. This certainly must
be true in any case where structure is attributed to an object. The trick is to figure
out how to probe the structure. For example, by proper experimental design, one
might be able to probe the excitation of fine and even hyperfine levels.

The subject of coherent excitation of different fine and hyperfine levels begins
with the beam-foil measurements in the mid-1960's.t These experiments were aimed
at the measurement of atomic lifetimes by looking at radiation from foils excited

* , by ion impact. While the measurements were made under supposed zero external
field conditions, oscillations in the light intensity were observed. These oscillations
were attributed to Stark mixing due to a small electric field in the ion beam itself'.' -

f See, for example, Reference I.

r . D. E. Goi.DIEN AND N. C. STEPH 9 Department of Physics and Astronomy, University of Okla.
hma, Norman, Oklahoma 73019.
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86 D.E. Golden ian N. C. StPh

However, the correct explanation, given by Macek, " is that the oscillations were
beats due to interferences between the various hyperfine levels. Thus Macek postu-
lated the coherent excitation of fine and hyperfine levels.

Correlation effects in electron-atom excitation were first studied in a scattering
experiment using the technique of delayed coincidence! " While this measurement
technique has been used extensively in nuclear physics,"4 it is only relatively recently
that it has become widely used in atomic physics. It was first used to study atomic
lifetimes in 1955.S Since that time it has been used to study ionization,(," excitation
of metastables,1" energy transfer from a metastable to radiating state,(81 and to
separate excitation cross sections for levels that could not be separated in a scattered
electron detector.! This last application has most recently been used to separate
the 3aD and 31D excitation cross sections in Kr by McGregor and Kleinpoppen at
the University of Stirling. These levels are separated by only 0.0004 eV and so this
experiment would not be possible within present electron energy analyzer technology
without the use of the delayed coincidence technique.

The work of Macek' 2 1 was extended by Macek and Jaecks"0 1 to point out that
more insight regarding inelastic scattering could be obtained by studying angular
correlations between inelastically scattered electrons and photons from the decay
of an excited state than from the measurement of an inelastic cross section. The basis
of the work of Macek and Jaecks"0 1 is the first consistent theoretical treatment of
electron impact excitation due to Percival and Seaton"' and the notion of Macck",
that radiation from different fine and hyperfine levels introduces oscillatory terms
into the radiative decay of atoms. Macek and Jaecks"0 1 took the magnetic substates

to be excited coherently and developed a time-dependent theory. This theory has
been reformulated by many others. Most recently the subject of electron-photon
angular correlations in atomic physics has been reviewed by Blum and Klein-
poppen.1' 21 In this work the e -H correlation parameters are also developed for the
first time.

The first electron-photon angular correlation measurements were reported by
Eminyan et al.13) for excitation of the 21P state of helium. We should point out that
the kind of information to be obtained can also be obtained from experiments with
laser-excited atoms such as have been performed at Kaiserslautern and New York
University. However, the interpretation of the data is less clear-cut because the
laser excites some distribution of excited states. Electron-photon angular correlations
have since been studied in Ne and Ar by the Flinders group, in Kr and Hg by the

Stirling group, in Hi, by the Kaiserlautern group, and in Ar and H by the Windsor
group. However, the interpretation of the results of scattering from targets other than
helium is incomplete, as was pointed by Slevin and Farago" 3) for argon.

The standard way to treat the 21P state of helium is to describe it by a coherent J
superposition of the degenerate sublevels and neglect spin-orbit and spin-spin interac-
tions in the collision. In addition, the 21P state will be excited from the IIS state in a
field free region. With reference to Figure I, the electrons are incident along the Z
direction and both the scattered electron detector and the photon detector are free
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Figure 1. Schematic diagram or the electron-photon coincidence X

experiment in the scattering plane.

to move in the X-Z plane, which is the scattering plane. In this case the excitation
amplitudes, a,, with in = 0 ± 1, are only functions of the electron energy E and the
electron scattering angle 0,. In addition, since there is a mirror symmetry through
the scattering plane, a-, = -a, and the wave function can be normalized such that
the scattering amplitudes a are very simply related to the scattering cross sections
for excitation of the sublevels a,,,

Iao 12 r
a,1 12 r (1)

ao 2+ 21 a. a2=

where a is the differential cross section for exciting the 21P level. The relative phase
y between a, and a, is simply given by a = a eit and a( , a, 1. The wave function
at a given E and 0, is completely described within an arbitrary phase factor by o,
a,, and X, and the scattering completely determined by a measurement of these
parameters. The parameters are determined with the exception of the sign of y by
a measurement of the electron-photon coincidence rate R4, which was given by
Macek and Jaecks, (t10

dSAd.Q, dz A{ sin 2o + (I - A) cos2 O - 2[),(l - A)]" 2cosXsinO cosO,} (2)

Here A = au0 a and

8a e

where I is the incident electron beam current, 2(z) is the density of the target atoms
in the interaction volume, 7"/y is the branching ratio for the decay of the 2'P state,

' , and FY are the detector efficiencies, and e is the electron charge. Since the sigi- of

X is not given by equation (2) this must be determined by a separate measurement
such as the polarization of the radiation. We can rewrite equation (2) as the sum of
two cosine functions as follows:

d., dz - [(I - cos Y) cos2(0 - P?) + (I -- cos X) cos'(O -- fl)J

Af(, X, O) (3)

., . . ; .L . .. . . ... ... - i .' .. , ..'"7. ... .. ... 4 t-
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where sin fi A. When cos X 2- 1, the first term in equation (3) may be neglected
so that d, ' A - V

dQdQ, dz - 2 (!+ cos X) cosS2 (0 + 3) (4)

Thus, for small X we have a simple periodic function whose amplitude depends only
on X and whose phase depends only on A. This is instructive from the point of view
of unfolding values of A and X from measurements of *,. In Figure 2, f(A, X, 01)
is plotted as a function of 0, for A , 0.48, X = 0.20 (solid line, 1); A 0.48, x 0.30
(dotted line, 2); and for A = 0.58, y = 0.20 (dash-dotted line, 3). The difference
between curves I and 2 is due to about a 2% change in amplitude, which is caused
by a 50% change in 1 x 7 so that small errors in amplitude give very large errors
in I X 1. The situation in regard to A is not quite so bad. The difference between
curves I and 3 is about a 5.5' change in phase, which is due to a 20% change in A.

When we perform an experiment, we will study coincidences with detectors
that view finite solid angles for some time T so that equation (3) must be integrated
over the solid angles of the detectors and the time. We perform the integration over
the two solid angles and write

-l, 8 tz v jbf(2, X, Or) (5)

0.8

/ "

0:6

0< 0.4

N " .
00

0.2 t

0 20 40 60 so IOo 120 140 I 0 180
PHOTON ANGLE CDEGREES)

Figure 2. f(A, y, 0,) vs. photon angle (0,). (I)- , . = 0.48, 0.20; (2) ... , .-A 0.48,7 0.30;
(3) -.- , . 0.53, x 0.20.
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where

Js I [o(z)/eoo dQe da2, dz
f t(z)/Leo dQ, dz

and ' is the scattered electron rate. For the case where the atomic beam density is
very large compared to the background gas density and uniform over the extent of
the beam and for infinite angular resolution, equation (5) reduces to

.-_3 ,, AQf(A, X,O) (6), 8.

Then one counts for a time Tat fixed 0, for various values of 0 and fits to the equation

N.
= Bf(A, x 0 ) (7)

One can then determine the parameters B, A, and cos X as was done by Eminyan
et a1.04) Alternatively, for 0 , r T]2, one may write

N,_ 3 J1( r 22_ _= . . f' , , l . ( 8 ) :
and coincidence measurements at this angle can be used to obtain A as a function of
E and 0,, as was done by Suteliffe et al.(15 1 In addition, the coincidence rate for
photons observed perpendicular to the scattering plane is given by

- Kcr[(l - A) sin 20Y + A] (9)

Equation (9) was used by Tan et al,"1) together with measurements of 1, at 0Y = 0
and 7r/2 to obtain values of A. Also they used a linear polarization filter to obtain
values of A and I X 1. In this later experiment they studied coincidences between
electrons which had excited the 21P state of helium and photons perpendicular to the
scattering plane whose linear polarization made an angle fwith the incident electron
beam. Then

( coN(- /4) + ,(f=3n r/4) (0o)

2(- ) A o 1/2 N,(fl=x14) --N.(//=37r4)N( __.)1)

Now let us consider the experimental questions: (1) What it the effect of the
finite angular resolution of the detectors? (2) What is the effect of a nonnegligible
background gas density? The effect of the finite resolution of the photon detector
can be seen with the aid of Figure 3, where f(A, ., 0y) is plotted for A = 0.43 and
X =--0.20 (solid curve). Suppose we assume that this is the "true" function and

I'l
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Figure 3. fQ., X, O ) vs. photon angle (0.). - , A = 0.48, x 0.20; --- , obtained by averaging
solid line over 200 intervals to simulate a flat detector response over 20'.

ask what is the effect of a flat detector response over, say, 200. The effect would be
to draw a new curve that is constructed from points obtained by averaging over
200 intervals from the solid curve of Figure 3. This curve is drawn as a dash-dotted
line in Figure 3. The period of the curve remains the same, but the amplitude is
decreased. As has been discussed above, for small X the effect of decreasing the am-
plitude is to increase the value of x. This change of about 2% in the amplitude looks
like a 50% change in I X . This effect, as well as a similar effect due to the detection
of photons out of the scattering plane, was corrected for by Eminyan et al.414 by r
using the following equation:

N, 3 r,
BY 4 (,f(A'- 0 () + -- ) (12)

N. 87r 3

where x is given by' (I - zlQY/47t)(l - AQY2;r). Of course it is possible to make
AD.Q sufficiently small so that the correction represented by equation (12) is un-
necessary. The effect of a finite background gas density is to give too large a mea-
sured value of NIN, at both small and large values of either O or 0.. This is a

t Note added in proof. It should be noted that this definition of x is slightly different than that

given in Reference 14. This typographical crror was pointed out to us by Professor K. B.
MacAdam.

I,
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correction that is symmeiric about 90' and affects both . and y. This correction
requires knowledge of the solid angles of the detectors, the variation of these
solid angles with path length, and the atomic beam profile, and can be written as

(JI/Je)(O, Or). This expression has been evaluated by Sutcliffe et ai." for 0, - n/2
from auxiliary measurements of elastic angular distributions with the atomic beam
on and with the atomic beam off and the chamber flooded to the same background
gas density as with the beam on. The correction to the data of Sutcliffe et al'.1"
is plotted as (J,1Jc)(Oe, ;r/2) in Figure 4. One would expect a similar correction to be
obtained if 0e is kept fixed and 0Y varied. It should be noted that in the range 40'
< 0, < 1400 the graph is relatively flat. Therefore, provided one makes the solid 4

angle of the detector sufficiently small and avoids both small and large angles, this V,
correction is unnecessary.

The problem of measuring the number of coincidences at a given 0e, 0V, and E
can be further complicated by accidental coincidences. These occur when the clock
is started and stopped by electrons and photons from different scattering events and I I
is given by the product of the two rates and the time window of the coincidence
detector N(

.4 NNv At (13)

An example from the work of Sutcliffe et al.(15) is shown in Figure 5. The background
is due to the accidental coincidences spread out in time (channel number). Once a
start pulse is obtained the a priori probability of a stop pulse isp. Then the probability
of obtaining a stop in the ith channel is given by Pi = (I - p)ip. Then the back-
ground distribution due to accidental coincidences is given by

Alpol - P)i (4)

The number of true coincidences is obtained by fitting the background and sub-

1.4

o 1.3

~-1.2
Ij

z

0

0 .9
U

ix Oz8 -0: 0 20 40 60 80 tO0 120 140 160 180
ao

ELECTRON SCATTERING ANGLE CDEGREES)

Figure 4. (J/J,)(O,, x/2) vs. electron scattering angle (0,) from Reference 15.



92 D. E. Golden and N. C. Steph
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Figure 5. Coincidence peak for O, ;'r/2,
15K 0, = 103, 0 from Refer-______50 100 ISO 200 250 ~ ,0 0,~ rmRfr

CHANNEL NUMBER -ence 15.

tracting it from the signal. Since the coincidence rate divided by the accidental rate
is inversely proportional to the gas beam density and the electron current, the back-
ground can be suppressed by lowering these quantities. However, the signal-to-noise
ratio is increased as these quantities are increased, up to the point where resonance
trapping takc-s place. Then, bearing in inind that not a great deal or attention has '
been paid as yet to some o~f these considerations, the data in helium for A~ at 80 eV
are presented in Figure 6. The data, for the most part, are iii reasonably good agree-
ment~l ocow 70'. Thlat illciuues data from Okiajiora, Suiciiffe el ai., * belifast,

1.0

0.6 /J-.~
0.4

30 606_- 90 1 015 480

Figure 6. A vs. 0, for tlc(2'P~ I IS) at 80 cV. V, Sttlife et ai.;II 4 li ollywood et at.;"" 0
Eminyan ci al. ;t1 ( 1, lgbabe e( at. ;"I A. Tan ci al. ;116?-- Madison and Calhouin;'"
-0-, Thomas el a. ;(11- - Born calcuilation; -- ,Baluja and McDowcll ;1 1 -: x
Font ef at.""~
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2.0.

A0 60. 90 -120 150 140

Figure 7. IX vs. 0. for I-e(2'P - I IS) at 80eW. 0,1 Hollywood et a.;41M 0, Emirlyan e( a!.;1""
El, Ugbabe ct al.;("'-- Baluja and McDowell;(2MI -x-, Fon el a!.""2

Hollywood and Williams,1
7

1 Stirling, En nyan et ai., (W Flinders, Ugbade et al., 1 8)

and vindsor, Tan et al.' 6) The large-angle data are another story, where oi the face
of it a considerable difference exists between the Belfast and Oklahoma data. How-
ever, thc difference only involves the points at 800 and 90' thus far. (Both groups are
repeating the measurements.) The distorted-wave calculations of Midison and
Calhoun""~ agree with all of the small-angle data and the large-angle data of Sutcliffe
et aI."51 The other calculations included on the plot are the distorted-wave calculation
of Baluja and McDowell,"') the many-body calculation of Thomas et al.,('" a first

Born approximation calculation, and the most recent R-matrix calculation of Fonr

et al. 
22

1 The measurements of X(P vs. 0 , at 80 eV in He are presented in Figure 7,

A

Figure &. A vs. cictroit energy (E) for

[i." , Umgban ct al. .... ;t~ , .BauaadMco l,
) 

- -,Fn laJ

Holywood N ilas (  trig Eminyan et al.t " (40'nd1111 A.aee l.(a n u V -wIn d S ) o r a n e t* 0 ,
" 

Th e r a n ler 0 .2[ e a o t e t r , h r n th a e

Madison and Shelonv 14) x, Scott and
McDowell;ua a M w, Thomas et al.;0""a s:

- .,Flannery and McCann;""4 2, to 60 10

first Porn approximation. E trx tiqy oFVI

0.4"
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together with the calculations of Baluja and McDowell," ° ) and Fon et a.0l 2 Here
the agreement is fair between the measurements and both of the calculations.

The variation of A with electron energy for a fixed electron scattering angle of

42' is presented in Figure 8. As before, the picture is not completely clear as yet.

Below 40 or 50 eV, the first Born approximation agrees with the data quite well,
while at 80 eV the distorted-wave calculations of Madison and Calhoun' 1 ) agree
with the data. In between there is a minimum which is not very well predicted by the

remaining calculations of Scott and McDoweil, (231 Thomas el al.,(21 or Flannery
and McCann.t24)

Linear and circular polarization measurements of the 31P --* 21S photons detected
in delayed coincidence with electrons that have excited the 31P state of helium have

been made by Standage and Kleinpoppen. ("5 A schematic diagram of their apparatus
is shown in Figure 9. The photons are detected perpendicular to the scattering place.

The polarization vector is defined in terms of the intensity component at an angle fi
with respect to the electron direction

P,  N (#=O) - N 0(f=7/2)
p. hr I'Q---1I - AT (R - -A

CV * I - . .

P3 - N(RHC) - N,(LHC)

where RHC and LHC denote left- and right-hand circular polarization. The measure-

ments of the components of the polarization vector, the degree of polarization, and

P l

FILTER

ANALYZER z

LENS

; r LECTRON$

SCATTERING PLANE

Figure 9. Schematic diagram of the polarization measurement of Reference 25. The X-Z plane is
the scattering plane; the photons are detected by the photomultiplier (PM) along the Y axis.

Scattering angle 0, and linear polarizer angle a are measured in the X-7 plane. Positive scat.
tcring angle is shown. I
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the degree of coherence front the measurements of Standage and Kleinpoppen 2

1,

are shown in Figure 10. These measurements show that the excitation is completely

polarized and completely coherent.
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Abstract. The e--He differential scattering cross section measurements for selected

energies between 2 and 19 eV have been re-analysed to obtain phascshilts and associated
errorswhich are consistent with the measurements. The phaseshiftisobtained from different
angular distribution measurements are shown to be consistent with esch other %%i;hin their
associated errors and are also consistent with the best available phaseshif is determined by
theory. These phaseshifts have also been used to determine total and momentum transfer
cross sections which are compared with direct determinations of these quantities. The
re-analysis of the differential cross section measurements does not reduce the uncertainty

which presently exists in tit total cross section at lower energies. It is suggested that the
uncertainty, which is as large as 20% at the tower energies, can be reduced by more precise
measurements and analysis of the 2S resonance profile at 19.35 eV cotupled '%th precise
relative measurements and analysis at othcr energies and/or accuraze cross section cal-
culations which include an ab initio error determination.

1. Introduction

It would be very useful if some easily measurable electron scattering cross section were
accurately known so that it could be used as a sttdard against which aA other cross
section measurements could be calibrated. The elastic e--He scattering cross section
should, in principle, provide such a case. Helium is a gas at room temperature
possessing no low-lying levels and thus low-energy (-_ 19 eV) elastic cross sections are,
in principle, easily measurable. It is also the simplest two-electron target and so elastic
e--He cross sections are, in principle, also easily calculable. The experimental and
theoretical results prior to 1969 have been discussed in detail by Massey and Burhop
(1969) and thus are only briefly sutnmarised here. ii

The problem of e--H scattering is the simplest case to treat theoretically. In this
case the wavefunctions of the target states are completely known, so that one may find
the phaseshifts for the scattering problem theoretically to any degree of accuracy
required (see Schwartz 1961). In the case of more-.complicated targets, the degree of
accuracy to which the phaseshifts may be calculated has not yet been established. In -
general, if one has the exact target ground-state wavefunction, one can obtain a lower
bound on the phaseshifts in the case of elastic scattering (see Burke and Robb 1975).

t Partially supported by grants from NSF and AFOSR.
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However in the case of e--He elastic scattering we are dealing with a three-electron
problem which precludes the use of exact atomic wavefunctions in the calculations.
Thus, one is left with the question of how close to a lower bound are the phaseshifts
obtained using non-exact target wavefunctions.

The best calculations available for elastic e--He scattering at the present time
appear to be the polarised-orbital calculations of Duxler et al (197 1), the variational
calculations of Sinfailam and Nesbet (1972) and Wichmann and Heiss (1974), the
many-body calculations of Yarlagadda et ai (1973) (at the higher energies), and the
recent R-matrix calculation of Berrington etal (1978). The S-wave phaseshifts from all
of these calculations agree to within about 2 or 3% while the P-wave phaseshifts

generally agree to within 10 to 15% (within their range of validity). The higher order
phaseshifts may be approximated with sufficient accuracy by the Born approximation.
However, even if we take the differences in the theoretically obtained S- and P-wave
phaseshifts as their range of reliability, it is insufficient to be able to predict elastic
scattering cross sections to within a few per cent. The variational calculations can F
probably be used to do a meaningful error analysis. However, until an ab initio error
analysis is performed, the value of further e--He scattering calculations is uncertain.
We therefore turn our attention to the reliability of e--He cross section measurements.

Absolute total e--He scattering cross section measurements were first obtained by
Ramsauer (19201). Additional absolute total cross section measurements were obtained
by Normand (1930) and Ramsauer and Kollath (1929, 1931, 1932). The measure-
ments oi Ramsauer and Koiiaih (i 932) are of the ujdct uL 2 0% .' & tlai Ute
measurements of Normand ( 930). Furthermore no error bars were given in these or
other early measurements. The first absolute total cross section measurements which
included an error analysis were made by Golden and Bandel (1965) ior energies from
0.3 to 28 eV. The principal limitation of these measurements was the absolute
measurement of pressure, and the measurements were stated to have a probable error
of +3% with a maximum error of ±7%. The results of Golden and Bandel (1965) arc
about 20% lower than the results of Ramsauer (1921) and 8-10% lower than the results
of Ramsauer and Kollath (1932). Momentum transfer cross section determinations
were put on an absolute basis by Frost and Phelps (1964) and Crompton et al (1967,
1970). These latter measurements were extended to higher energies by Milloy and
Crompton (1977). The determinations of Crompton et al (1967, 1970) and Milloy and
Crompton (1977) which have maximum error bars of ±2% from 0-008 to 3-0 eV, ±A3%
from 3-0 to 7.0 eV and ±5% from 7.0 to 12 eV are th most precise.

Effective-range theory as given by O'Malley et al (1962) and O'Malley (1963) was
used by Golden (1966) to fit the data of Golden and Bandel (1965) from 0-3 to 2 eV.
This fitting procedure allowed comparison with the momentum transfer cross section
determinations of Crompton and Jory (1965) and showed that agreement could only be
established to about 10% between the two different kinds of measurement. More
recently the same conclusion was reached by Bederson and Kieffer (197 1) and Milloy
and Crompton (1977). These latter authors used the momentum transfer cross section
mcasuremerts of Crompton et al (1967, 1970) and the form of the differential cross
section calculations of Sinfailan| and Nesbet (1972) to determine total crosssections. In
this latter case, the maximum error bars of the two kinds of experiment were estimated
to overlap in the range of 4 to 12 eV.

Dillerential scattering cross section measurements were made early on by Bullard
and Massey (1931) and Ramsauer and Kollath (1932), although no error analysis was
included in either measurement. More recently, absolute diflerential cross section

WI".
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measurements were obtained by Gibson and Dolder (1969b), McConkey and Preston
(1975), Andrick and Bitsch (1975) and Williams (1978).

A phaseshift analysis of the experimental data in He consistent with the forward
J dispersion relation has been performed and discussed by a number of authors including

Gerjuoy and Krall (1960, 1962), Bransden and McDowell (1969), Naccache and
McDowell (1974) and Bransden and Hutt (1975). While it is well known that the
forward dispersion relation holds for a variety of potential scattering problems, it has
not been proved in general. It had generally been assumed (see Gerjuoy 1958) that if
the many-body Green's function has reasonable analytic properties, the forward
dispersion relation would hold for electron-atom scattering. More recently it has
become clear (Byron et at 1975, Blum and Burke 1976, Hutt et at 1976) that the f
forward dispersion relation does not hold, in general, for electron-atom scattering.
Specifically, it does not hold in the e--He case.

Because of this development, greater emphasis must be placed on an accurate
experimental determination of the first several phaseshifts. This can be done by making
absolute differential cross section measurements and then performing a phaseshift
analysis of the measurements. In this case, the absolute measurement of a number of
quantities such as target density, overlap integrals, etc is required. Alternatively, in the
proper energy domain, the structure of the angular distribution can be sufficiently well
defined so that relative differential cross section measurements may be placed on an
absolute scale solely by a phaseshift analysis. Finally, the fitting of a resonance in a
particular partial wave of a particular reaction channel to a Breit-Wigner analytic form
leads to a determination of the non-resonant part of the phaseshift of that particular
partial wave in that particular reaction channel at the resonance energy. Since the
structure of a resonance is, in general, better defined than the structure of the
differential cross section, one might reasonably expect this latter method to produce a
more accurate determination of the first several phascshifts than a partial-wave analysis
where there are no resonances.

The first analysis of the angular distribution at a resonance in elastic scattering is due
to Andrick and Ehrhardt (1966) who showed that the resonance' in e--He scattering at
about 19-35 eV is an S-wave resonance. Later, an angular distribution measurement
and phaseshift analysis of this resonance profile, using three partial waves, was
performed by Gibson and Dolder (1969a). This analysis produced a derived total cross
section in very good agreement with the direct measurement of Golden aid Bandel
(1965). A similar procedure was used by McConkey and Preston (1975). In this latter
case, the phaseshifts for I > 2 obtained from the calculations of LaBahn and Callaway
(1970) were included. The total cross section derived from this analysis is also in good
agreement with the direct result of Golden and Bandel (1965). A third measurement
and phaseshift analysis of this resonance by Williams and Willis (1975) was obtained
using the Born approximation for the 3 _- I -<- 10 phaseshifts. Their result gives a total
cross section which is approximately midway between the total cross section given by
Golden and Bandel and that given by Ramsauer and Kollath (1932).

Angular distribution mcasurements and a phaseshift analysis using the sum of all the
Born scattering amplitudes for I > 2 were performed by Andrick and Bitsch (1975) for
energies below the 19.35 eV resonance. This procedure resulted in a total elastic
scattering cross section at 19 eV in agreement with the direct measurement of
Ramsauer (1921). The non-resonant angular distribution measurements of Gibson and
Dolder (1969b) and McConkey and Preston (1975) are substantially lower than those
of Andrick and Bitsch (1975) in the forward direction and therefore yield smaller
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derived total cross sections. The recent angular distribution measurements of Williams it
(1978) are in agreement with the measurements of Andrick and Bitsch (1975) and
McConkey and Preston (1975) within their combined error limits.

Recently, three additional low-energy absolute total e--He scattering cross section
measurements have become available. An axial magnetic field transmission technique
has been used by Stein et al (1978), a modified Ramsauer technique has been used by
Bullis (1977), and a time-of-flight technique has been used by Kennerly and Bonham
(1977). The measurements of Stein et al (1978) cover the range of 1-5 to 30eV and are
about 12% higher than Golden and Bandel (1965) although no error analysis of these
results has been given. The measurements of Bullis cover the range of 0.05 to 3.0eV
and are a maximum of about 5% lower than the measurements of Golden and Bandel
(1965). Within the stated errors, these two results are in very good agreement with each

other. However the measurements of Kennerly and Bonham (1977), which have a
stated maximum error of ±3% from I to 50 eV, are in general about 10 to 15% higher
than those of Golden and Bandel (1965) and consequently 15 to 20%0 higher than those
of Bullis (1977). Thus, it is fair to say that while more experimental measurements are
now available, the situation is slightly worse than that in 1971 which led Bederson and
Kieler (197 1) to conclude in their review that the total elastic cross section for &--He
was known to about ± 10%.

A comparison between total and momentum transfer cross sections requires a
precise knowledge of relative differential cross sections. However, absolute differential
cross section measurements provide an independent determination of both the total J!
and mnomentum transfer cross sections to compare with direct measurements. In light
of the present situation it is therefore important to investigate in more detail the
measurements and analysis of differential elastic scattering cross sections. The ques-
tions to be addrcssed are: what is the present state of the art and how well can one hope
to measure the elastic differential scattering cross section?

I,
2. Experimental considerations in angular distribution measurements

14

Ill thi.s iection We will discuss two teclhniqttes which h:t, h.en UNCd to inake elastic
differential scattering cross section measurements. Both of the techniques have been
used to study the angular distribution of scattered electrons and will be referred to as
electron-beam-gas-cell and crossed electron-beam-gas-beam experiments. A third
technique is the atomic-beam recoil technique which has been used to study the
scattered atoms (see Collins et a 197 1). This technique has not been used as yet to
obtain accurate angular distributions and will not be discussed here. For a previous
discussion of some of the points of this section, the reader is referred to Zile review

articles of Andrick (1973) and Golden (1978) and the work of Williams and Willis
(1975).

If the incident electron beam can be considered narrow then the scattered-electron
count rate, N., in both the elctron-bean-gas-cell and crossed electron-beam-gas- ''
beam experiments can be represented by (see Sutclile et a) 1978),

= -poesr(E, O)J,(O) + h,1)
e

where i,1e is the number of incident electrons per second in the eleciron beam, p, is the

. ... .. ,. '1 .
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background gas density which is assumed to be composed of the same species as the
target gas, e, is the efficiency of the electron detector. U(E, 0) is the differential elastic
scattering cross section at energy E and electron scattering angle 0, fi, is the count rate A
due to electronic noise, and Ii

J.(O)= )J -dfl dz (2)

where p(z) is the density of target particles which may be spatially dependent, d.Q is the
solid angle viewed by the electron detector, dz is the element of path length of the
electron beam through the interaction region viewed by the electron detector, and1 is
the length over which dz is integrated. In the usual case i, can be made sufficiently
small so that it can be neglected. It has been assumed in equation (1) that the variation

of o'(E, 9) with E over the energy distribution in the incident electron beam is
sufficiently small that averaging over the energy distribution is unnecessary. This is the
usual case. It has also been assumed that the half -angle viewed by the electron detector.
a, is small compared to the electron scattering angle. This is not necessarily the case,
and if this condition is not satisfied, o"(L, 0) needs to be averaged over the angular
detection function of the scattered-electron detector. In addition if the angular
divergence of the incident electron beam is not small, o-(E, 0) must be averaged over the
angular distribution of the incident electron beam. If these averages are not performed
one may introduce systematic errors into the measured angular distribution. In order todetermine the extent of both of these sources of systematic error it is necessary to

measure the angular divergence of the incident electron beam and the acceptance
k nrofiie Of the scattcred-eicctron detector. it onte studics die duguici t dJiigjc ~l i1C

incident electron beam with the scattered-electron detector, in general. one measures
the folding together of the two desired angular functions. However, these two functions
may be unfolded, as was described by Hertel and Ross (1969) or Sutclitle ci al (1976;•
This involves moving the scattered-electron detector through the unscattered electron
beam, when it has a geometrically defined acceptance profile, to define the electron
beam profile. Once the electron beam profile has been determined, the measurements
may be repeated with the proper voltages on the lens elements of the scattered-electron
detector to determine the acceptance profile of the scattered-electron detector. It was
found in the work of Sutclitle et al (1978) that the electron beam angular profile %%as
sometimes subject to instabilities so that the measurement of this profile was a
necessary consistency check before and after every scattering measurement. These
authors also found that tuning the electron gun for maximum electron beam current to
the Faraday cup did not insure that the electron beam profile had a narrow angular
divergence. In fact, it resulted in an angular profile which had a half-width of 15°. It Was
therefore necessary to set the voltages of the output lenses of the electron gun to insure
that the electron beam profile was of acceptable divergence. Furthermore, it is also
important to collect the scattered incident electron beam. That is, a Faraday cup must
be included which has a sufficiently large acceptance angle and an efficient means of
collecting the incident electron beam. Since low-energy electrons are not collected
efficiently on metal surfaces, this condition is not always easy to satisfy. If the incident
beam is not collected elliciently, the electron flux in the interaction region may be higher :4
than has been accounted for by the beam current leaving the electron gun. This can lead
to significant errors in the measurement of angular distributions. In fact this may
introduce a systematic error which has an angular dependence.

%q
, ,?, ; ., i. ,.& .i' ,' a, -- ,i ,'. 'I
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Absolute differential cross sections may be obtained from angular distribution

measurements by using equations (1) and (2). This requires measurement of the ratioNl',/(/e} and absolute measurement of p,,, e. and J..;
Il the case of electron-beam-gas-cell experiments, the gas density in the interaction

region has no spatial dependence and the integral J. given by equation (2) becomes

L= J f df dz. (3)

For a << 0, and a very narrow stable electron beam

L,(90*)
L.(o) - s(n (4)

sine0
In order to apply equations (1), (3) and (4) to the data one has to take care to insure that
the electrons in the interaction region do not undergo multiple collisions. This is simply
done by showing that the scattered intensity is proportional to the interaction region
density. If the target gas is contained, in the interaction region and the scattered
electrons leave the interaction region through a hole, one has to take great care to insure
that scattered electrons from angles other than that being studied cannot bounce off the
interaction region walls and into the scattered-electron detector. In fact, this kind of
effect can also introduce a systematic error which has an angular dependence.

In the case of crossed electron-beam-gas-beam experiments, equations (1) and (2)
are used. The correction for the variation in path letngth thrn.iigai thc 1"ct-gretnd gas a
..,, b: made by using a subtraction technique (see Andrick and Bitsch 1975). The
procedure used is to turn the target gas beam off and flood the chamber to the same
background pressure with the gas beam off as existed with the gas beam on. When the
target gas beam is oil, we call the electron count rate N,. Then

pn(oT.(E, O)L.. (5) p
If the target beam is sharply defined, we may write

p(z) p,(z)- (6)
Po PO

where pj(z) is the target density in the target gas beam. .Then, :t
I o d p'a )
=7 dl I" PO

where it has been assumed that the spatial extent of the gas beamj is sufliciently small
that the integration over dil just yields the solid angle of the scattered electron detector,
Ail. If pj(z)/po or

-,pj z_)dz , i

is measured, then equation (7) can be used to measure rr(E, 0). In fact since

f C(-dz

is independent of 0, the measurement of relative values of ,N, -N as a function of 0 at
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constant E yields relative valucs of or(E, 0). This is the procedure used by Andrick and
Bitsch (1975) to measure or(E, 0) at each energy studied. It should bie noted that
corrections for double scattering events in which thle first scattering tekes place ill the
inter-action region and the second takes place in tile backgruand gas, or vice veCrsa 'Irc
not accountcd for by the subtraction technique. Furthermore, as thle signal N 0
becomes comparable to N, O) the timec required to achieve a good signal-to-noise ratio
becomes increasingly long. Therefore attention should be rviven to the problem of %1
making the ratio of gas denlsity in the beamn large compared to the background gas
density. This is especially important if one is going to study s.:attering angles close to
either 0'O or I SO'.

An assumption inherent in eqluation (7) is that the electron beam is of uniformi
density and of thle same spatial e~xtent as thle gas beamn. Eqjuation (7) may still ble usable
for relative measurements if this is not true. Folr examnple, if tile electron b~eam is larg-er
in spatial exlent than tlie gas beamn and uniform o\ er the, spatial extent of the cas beam
wvhich is itself not uniform, this type of eq~uation is still valid. In fact, in this case, spatial
fluctuations of thle electron bean %% hich are smnall compa-red to the spatial extent of the
gas beam- do not contv-iotte a significzint error to thle inelsurerne tt. Suppose, hovwcver,
that thle electron beam is sinalier in spatial extent thanl thle gas beaml-. If the electron
beam is uniform in spati.,l extent, whit . the gas becaml is not, equation (7) wvill be valid if
the electron beauir is stable. Hlowever if pjk (z ) is a rapidly varying function of Z, small
fluctuations inl thc positionI of the elvctiol beam- canl lead to large fluctuations in the :
measuired ang-ular distriMut ions. Suich thictuations can be caused by smial instal.)lities in
the election gun, or by small stalo!e iesidual wmagn;etic fieids in the interaction rcgein

lt eposiion of the eteetron beam inl tile pas bieam to cnan-e ils a
function of timet or electron scatteringp -nglc. This m'ay 11; thle case if the electron
scattering angle is- vairied by rot:iting- tile e!ectron gun relative to the scattered-electron
detector. The latter eflect rg!% es a system~atic ei ror which has ain angular dependcnce .

3. Phaseshifi nnalysis of angular distrib'iwo, in-asurenents

Differential cross sections fo- elastic e -I fe scattering may be analysed by the method
of partial waves. In this procedure, thle scatterinig amplitude f(6, k) is represented by 4
tile sum

f(0, k) - i(21 .s. 1)[cxp(2irj,(k))- I ]P-,(cos 0) (8)
2ik ;-

where 0 is the electron scatteringe angle, k is the wavenumnbr of the incident electron,
P1 (cos 0) is tile Ithl Legertdre polN nomial, and -,7itk), tie phiaseshift fo! elastic scattering
of the /Ih partial wave at energy E =- k -, is real. If thle -.7(k) are known, the differeintial
cross sectioln (r(o, k), the total cross section er1(k) and thle inumentum transfer cross
.section (r5 1 1(k) are all determnineCd froml jlf(0, k ll

or(O, k) = 11(0, k)12  (9)

(PI (k) 2-, jU(0, k)I simn 0 dO 00~a)

X(21 +1) sin t (lON)
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(r.%lT(k) 2-r o (0, k)(l - cos 0) sin 0 dO (Ila)ILi
T 2 Y ( + 1 ) s i n : -( r j - 1 7 1 1 . ( l b )1-01

4 If absolute measurements of o'( 0, k) at fi'xed E could be made for the full angular range
from 0 to r at sufficiently small angular intervals, equations (10a) and (1 la) could be
integrated numerically to obiain o-r and UNIT. In such a case a phaseshift analysis of the
data using equations (lOb) and (lb) would serve as a validity check and the set of .
phaseshifts which reproduce the helium data should have the following properties. The
S-wave phaseshift should be -r at E = 0 and should decrease smoothiy as E increases.
All other phaseshifts should be 0 for E = 0 and should increase smoothly as E increases
(see Massey and Burhop 1969). Il the data are not measured over the complete angular
range, a phaseshift analysis eliminates the errors associated with extrapolating the data
to. 0 and ,r. -

For low-energy electron-atom scattering, the first few partial waves dominate.
However, the higher order waves cannot be neglected because they also can affect the
shape of the calculated differential cross section.

The phaseshifts for I ? 1 may be obtained from the Born approximation for electron
scattering from a polarisable system of polarisibility cv,

-Lk

rh~l 
1) =(12)

(21-1)(21+ 1)(21 + 3)(

The values of 171 calculated from equation (12) may be inaccurate for small values of I,

but the accuracy improves as I increases. Moreover, the contribution to the scattering
amplitude decreases as I increases. Thus one may treat the first several values of
77.,', -_ L) as variable parametcrs in a fitting procedure, and derive the higher order
values of 7(L < I <L') from equation (12) to fit equation (8) to the data. H owever, as
many as 50 terms may be necessary to describe the scattering at small angles and the
value of L' necessary is energy dependent. A more satisfactory method is to sum all of
thi Bo scatteriae am pilitudes for I > L analytic-ally. It has been shown Thompson
, 196f) th-at this can be done provided the 1 0 term is excluded. 1 >eu the dirfere.-ce
between the Born sum f,, and the contribution from the I = 0 term fBis given by

j'fa-I =tra k G sin j0). (13)

The procedure used by Andrick and Bitsch (1975) was to subtract all terms for 1l-L
- from equation (13). Then the scattering amplitude for L < l < c, f i is given by .P (Cs 0 ) ./ 2 na ,ok ssin (14)

YK (21+ 3)(21 -1

:1 This result may be used to rewrite equations (8) and (9) as
'(o k ) - .( )_ (2 1 - )[e xp (2 6 7,) - I]P , + 2 ik fh) (15)

"," ~~~(r(o, k) -,-k (21 + 1) sin 2771-, + 2k ,i),+ -t(, 214- 1)(cos 2 v?,- 1) P) ( 6

It is desirable to make L as small as possible so that the time necessary to perform the

--

I
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fitting may be kept to a minimum. To find a reasonable value for L, let us consider the
2rcentrifugal barrier term for the Ith partial wave, 1(1+ 1)/r 2 . The distance of closest

approach of the Ith partial wave of an incident electron of energy k 2 in the absence of a F

scattering potential should be r, where r = [1(I + 1)]' 1V/k is the point where the kinetic
energy is equal to the centrifugal barrier potential. If the point rt is *outside' the atom,
then the Ith partial wave does not penetrate the atom. That is, it is unaffected by the
nuclear potential and sees' only the long-range dipole potential due to the polarisation
of the target. Since r, varies inversely with k, it is sufficient to consider 19.6 eV electrons
as we will treat no higher energies. A 19.6eV electron has k = 1-2 Bohr - , so that
rl = 1.18, r2 = 2-04, and r3 = 2.89. These numbers are approximate in that they were
obtained by setting the potential equal to zero. The presence of the potential will
decrease them. Calculations by Boyd (1977) give the size of a helium atom as 1.8 Bohr.
Therefore, the I = 3 partial wave does not penetrate the atom at all and may be handied
by the Born approximation. The I = 2 partial wave is a borderline case and should be ,
retained as a variable parameter. It should be noted that changing the I = 3 or 4
phaseshifts by 20-30% would not significantly affect the results.

Setting L = 2, equation (16) may be fitted to the data'by starting with a trial set of
I and 772 and subsequently varying these phaseshifts to determine the combination
leading to the best fit. The best fit is defined as the fit which gives a minimum reduced chi '

square, X2, which is defined

x2 = ( 2  
(17)

where N is the number of angles measured, o- is the calculated cross section, Cr is :Ic
measured cross section, I.o-,, is the error in measured cross section, P is the nuniber of
variable parameters, P =-- 3 in this case, and 0+ is the angle of ith measuremnent. If ,ier
measurements have not already been brought to an absolute scale by sonic irdependclnt

vaialepaamtesP3 n hi cse ad istsh anlc o icthx measurement. tf bie
procedure, then the phaseshift analysis itself enable iclative measurements to be
brought to an absolute scale provided certain conditions are satisfied. It car, be se-n
that equation (16) yields a curve which is an interference pattern of Legendre poily-
nomials weighted by the terms containing the variable parameters. At energies aboe"
about 5 eV this'interference produces a curve of pronounced strucrutre. Provi.2edi ine"
errors are small enough so that the structure is clearly defined, the measurements may f

be brought to an absolute scale by introducing an additional parameter K which
multiplies the angular distribution measurements. This is done to insure that there is
not only agreement between the measured and calculated angular distributions but also "

between their absolute magnitudes. This may be done by altering equation (17) to

2 T - 0. 8i
X N-P YAo-,(O,)(

where the parameter K is used to bring the relative measurements to an absolute scale,

and now P = 4. As the energy is decreased, for energies below 5 eV, the 17o term begins
to dominate and the cross section becomes nearly linear with angle and finally uniform.
Thus, as the energy decreases, the structure in the curve is insufficient to uniquely
determine the phaseshifts or the value of K. The procedure therefore breaks down since
the curve is equally well represented by a wide range of the parameters. In particular
the parameter K is subject to an uncertainty which must be included in the error

i " "

.... ... . .. . .. . . . .. . . • . '
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analysis. This type of analysis was introduced by Andrick ,and Bitsch (1975) but they

did not explicitly include an uncertainty in K. This point is discussed further in § 5.I
An alternative method of analysis is based on measurement of the cross section at

fixed anglIes as a function of energy over a resonance. Such a resonance exists in e--He
scattering at 19.35 eV. One can analyse this S-wave resonance structure using a

f. Breit-Wign~er formula for the resonant part of the S-wave phaseshift without introduc-
~~ing the parameter K:. We write the S-wave phaseshift as

n nio t + ntof (19)

n o -a-' r(20) .

~where n00 is the background S-wave phaseshift, E, is the resonance energy, and r the
, natural width of the resonance. The expression for nio given by equation (19) may be ,
Isubstituted into equation (16) and values of the cross section calculated as a function of
~energy for fixed angle. Since the value of r is not precisely known it may be u.sed as a
!t parameter to be optimised in the fitting procedure. Before these calculated values may
i be compared to a measurement, it is necessary to account for the broadening of the

measured width by instrumental effects (see Gibson and Dolder 1969a or Andrick
1973). If the variations of the phaseshifts no", 7 and Y12 over the energy range of the '
resonance are negligible, equation (16) may be fitted to the data as a function of energy
to find the best values for 71,01, ?It and nlz in the region of the resonan~ce. Such a '
d&iermination may then t)e compared to values obtained by fitting to angular dis-
tribution measurernents at energies below but near the resonance energy. Also, such i
resonance measurements may forin the basis for the norinalisation of raw data which
has not been corrected for variations in scattered in'tensity due to variations in scattering
volume or any other energy and tinc independent variations (see discussion of the
results of Gibson and Dolder 1969a in § 5).

4. Error analysist

'I

In order to make a meaningful comparison between tihe best values of n7o, r7, and r72
obtained from analyses of relative diff'erential cross section measurements with the 'values obtained by other methods, it is n'ecessary to determine the erros in the
phaseshifts that arise from the uncertainties in the experimental data. The equation to
be used in the present case (equation (16)) is not linear in of, 7 ard 77, and therefore t
one cannot give ain analytic form for the errors in the best values of the fittin
parameters asee Bevington 1969). Furthermore, the problem of finding errors for total
and momentum transfer cross sections determined from the best values of the
piasshifts is even more complicated, since the errors in the piasehifts are correlated.
It is clear from equations ( -wb) and ( 110 that changes in ron can be offset by changes in
n so that crT or remain unchanged. Therefore, the best one can do is choose some
well defined justifiable criterion for an acceptable fit to an experimental differential

cross section data set which thus defines the errors in 770, 171, n.', K,, UTr arid (M-r.When the errors are prely statistical, the of " of the best fit, s elyn should be about 1.
Such a X t.be indicates that the measured aeed calculated values deviate from each other
by one standard deviation, on the average. The probability that a measured pointdiffers from the average of many measurements y less than one standard deviation is

At
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0.68. Since a measured point can be any place in the distribution of poinis which would
be obtained by making many measurements, a common criterion is to accept any lit with
X 2x,,, (see Bevington 1969). This criterion is roughly equivalent to saying that all
of the allowed calculated curves fall within about two standard deviations of the
measured points and the errors thus obtained represent a 95',, confidence level.

An additional question to be resolved is how to deal with systematic errors.
Corrections can he made to the data to compensate for systematic errors where the type
and extent of the error is known. If this is not the case, it still may be possible to
determine the maximum uncertainty introduced into the measurement by the systema-
tic error. However, in most cases, the uncertainties resulting from systematic errors
must be estimated, considered as probable errors, combined with uncertainties from
statistical error and treated in the same way as statistical errors. However, it should be
noted that unlike statistical errors, systematic orrors are not randon. In fact, systematic
errors affect the meatsured points in some definite but unknown way as a function of
energy and/or angle.

If the shape of the non-resonant angular distribution is being used to normalise the
data, this problem is particularly serious. It has been found in this work that a small
change in the shape of the angular distribution measurement can result in a very
difterent best value of K. So a given systematic error may result in an even larger error in,
the noinialisation. If the errors are absolute, all calculated fits which fall within the
errors of the points must be accepted equally, but the best fit is urdelined. When, as is
the usual case, systematic and statistical errors arc both present, any criterion is

-. ":- .ry. Andrick and Bitsch (1975) were avare of this problem and chose
to find the best (it to their data using statistical errors only. They then added their
systematic error, which they considered absolute, to the statistical error and accepted
any fit with no more than three points falling outside the combined error bar s. I lowever,
when large systematic errers are present, finding the best fit using statistical error only
may lead one to attach undue importance to the bst fit and also t) undcrestimalL, the
errors in the phascshifts. Furthermore, there is no a priori way to determine the
correlations between the errors in the phaseshifts and this is necessary ii order to
calculate the errors in rr and crM--.

After co asicl'.ration of all the problems associated with choosing a criterion for error
determination, the following procedure was chosen. Statistical and systematic errors
were treated equally and therefore all fits to a given data set for which 2 were
accepted. The accepted fits were generated by varying all phageshifts for I -" L and ,K

and using a grid search technique to determine the set of acceptable curves. The range
in each phaseshift contained in the set of accepted fits was taken as the error in that
phaseshift and the range in K contained in the set of accepted fits was taken as the error
in K. It is important to note that if the range of K is restricted, the errors in the derived
phaseshifts may be seriously underestimated. In addition, values of (rr and (r.TM were
generated for each accepted fit and the range in r.r and TrMT contained in the set of
accepted fits was taken as the error in these quantities. 4

5. Resilts of ph;ase.hift amalysis

In this section we review the most recent measurements of the elastic diflerential cross
section and the S-wave resonance at 19.35 eV in helium. The earlier measurements of
Bullard and Massey (1931) and Ramsauer and Kollith (1932) are not considered

s'
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because of the extreme enhancement of thle smnall-angle scattering data at all energies
and because they are given without estimates of the crror. Teresults of Stein et a/
(1978) are not dliscussed because they were otiven without error bars.

An electron-beani-as-cell experiment wa,,s peiformned by Gibson and Dolder
(1969b) hut a phaseshift analysis of their results is complicated by their iiorinalisition
procedure. Their raw data were in the form of ratios of scattered to primnary beamn
currents. In order to relate these raw data to relative differential cross sections
experimentally, accurate knowledge of the variations of scatteringt volumne with scatter-
ing angle and the electron current within this volume is needed. In addition, to bring the
relative measurements to an absolute scale experimentally, the absolute pressure is
needed. These authors decided that it would he too ditlicult to mnake the necessary
measurements with sufficient precision and devised the followving, altcrnati~e method to
make their results absolute.

In all earlier paper (Gibson and Dolder 1969a) these authors dedUced theo first three
phaseshifts for scattering at 19-3i eV fromn measu rementts of the S-,wa~e resonance
profiles. The phaseshifts wvere obtained from an independent ana!l xsis of the S-wave
resonance profie, at six scattering an-les. T1he averagie values of the phiaseshifti were
given without error analysis and w.ere 7o = [-937, 71 0-297 and q, 0-052. If we
associate a 1"%" statistical error with the measurement,, of the rcsionancce profile and
accept all fits which deviate from the measured profile by less thlan two standard
deviations, we find the errors in determining, the phaseshifts from the ittine_ to be about
:E2%, :1606 and ±i22%' for 711 rl, and -q, respectively. Thcy a- siumed that these
phascshifts do nlot change appreciably betwecn 19-35 and 19-1 c\' and that thle higher

ord'r v~rxvriv', , dot wit' ke4 sionifint Conlt rihiitionv. to thle d inc-ent ial cross
sec:tion at 19-1 e%'. Therefore, thy ca',CUlated the differential cross ecinusing only
the first three phasesh ifts. At 19-1 e%' the ratio of thez raw data to the cac!tdvalues
yieldi a sct (oreto factos wh'ich Ilivy usedl io norrm~i-e the- raw%\ data at all
energics. It w~as pointed out by Andric:k (.1973) that thle higher order- par:ial waives do
affect thle differential cross sect ion and hie renormalised the data of Gibson nid Dolder
(1969b) at 19-1 eV. We have exteirdcd this renornialisation to the rest of their data.
While: the_ inclusion of hig-her order partial waves has a significan, Oi feet on !he structure
of the calculated differential cross section, this effect is much iLess sie_,ificant in a
resonance profile. Thle partial waves for I' 2 have a significant etiect on the differential
cross section at 19-1 eV. FHowe~er, there are four angles (3 1, 62, 82 and 137h w,,here
the contribution of thle higher order partial waves vanishes, and thus resonance
measurements at these angles are more easily analysed. The maxinium effect of the
higher order partial waves onl the differential cross section at 19.1 CV is 4%': for the
angles studied by Gibson and IDolder (1969a). These -;mall chanzes in the level of thle
background do not significantly affect the resonance profile. In order to see the size of
this effect one may calculate the resonance profile with and without the inclusion of the
igher order partial wvaes. The two calculated profiles differ by a maximum of about
1%N. Thle data could be re-analysed taking the higher order partial waves into account.
However, lacking the original data we have accounted for this e ffect by considering the
statistical error to be 2%, although this may overestimate the actual error. A statistical
error of 2"%, would result in errors of ±4%, ±12%/, and ±44% for 7n,, ?) and 772,

respectivecly.
The procedure of Gibson and Dolder ( 1969a) to account for instrumental broaden-

ing was to fold a Gaussian of %ariable half-wvidth with thle calclated profile before
comparing it to thle measurement. Andrick (1973) argued that the measurement of
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Gibson and IDolder (1 969a) at 250 reveals an asymmetric encrgy distribution because
the measurement contains a minimum followed by a maximum of equal amplitude, but
smnaller width. I lowever, if the 11-wave resonance strUCture postulated by Gibson and

* Dolder (1 969a) is in fact real, this could account for the smnall asymrmetry. FL); a further
* discussion of this possible P-wavc reSonance: see Golden (1978). Gibson1 anld Dolder

(1969b) used the aseraige phascshifts obltained from an independent analysis of the
S-wave resonance profile at six scattering angles, but did not assess the errors of these
average phaseshifts or the possible effects of these errors on the normalisation pr-o-
cedure. Their angular distributions for 17-1 and 5-1 eV, corrected for higher orderA
partial wvaves, are shown in figures 1(a) and 1(b), respectively. The error bars are those
given by Gibson and Dolder (19691)) and the full curves are our best fits to their data.
The X i are 2.9 at 17.1 eV and 7-4 at 5-1 eV. It is clear that the errors intro I ccd b
the normialisation process mu.,t be larger than the errors given.
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An electron-beam-gas-cell experiment was also performed by McConkey and
Preston (1975). They also analysed the S-wave resonance and used the phaseshifts of
LaBahn and Callaway (1970) to account for partial waves up to I = 50. Their result for
rio was 1.972, only 1-8% above the value obtained by Gibson and Dolder (1969a).
Their results for 71 and 172 were the same as those obtained by Gibson andDolder
(1969a). MeConkey and Preston (1975) quote a maximum error of 3% for their current
measurement and less than 1% statistical error. If we thus assume a 4% total error for
their resonance profile measurements, the errors in 770, 'qm and -q! from their resonance
profile measurements would be about +4%, ±12% and ±44%, respectively.

In addition to studying the resonance, McConkey and Preston (1975) also measured
the differential cross section for energies between 1.5 and 100eV. These authors
measured the angular distribution of their electron beam, the angular acceptance
profile of their analyser, and the pressure in the interaction region. Thus they were able
to relate their raw data to absolute differential cross sections experimentally, Their data
may be analysed for phaseshifts giving the best fit using the procedure of § 3, with K = 1.
Our best fit to their data of 19-1 eV has a X21i =0'17, yields phaseshifts of 7o
1-868±40%, 7, =0-291±72%, and _ 2=0-052±>100% and isshown in figure 2asa
full curve together with their data. The best fit has more curvature than the data. In fact
a very good fit could also be obtained with -n, = 0. This possibly indicates that the data
may include an angularly dependent systematic error due to the enclosed interaction
region as discussed in § 2. The primary electron beam and the electrons scattered at the

' -;ng studied leave the shielded interaction region through a smar hole. At high
energies, where small-angle scattering predominates, the electrons scattered through i
small angles are not removed from the interaction region when larger angles are beimg I:
studied. These electrons may bounce off the interaction region valls and possibly
enhance large-angle scattering. At small energies, large-angle scattering predominates
and the situation is reversed. The net effect could be to flatten the angulbr distribution
at all energies. In figure 2 we also show, as a broken curve, the fit predicted by the
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Figure 2. The angular distribution measuirement of McConkey and Preston (1973) at
19-1 eV with 12% error bars. The full curve ik the best fit from our analysis. The broken

curve is the fit predicted by the phaseshifts thee authors deduced from their anaibsis of the
S-vase resonance profile. The 2 of this fit is 1.3.
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phaseshifts McConkey and Preston deduced from their measurements of the S-wave I
resonance profile. The difference between the broken curve and the data shown is very

similar to the possible systematic effect just discussed. It should also be noted that the
12% error for their angular distribution measurements quoted by McConkey and
Preston is the root sum of the squares of several very ditlerent types of error. A simple
sum of these errors is 21% which may be a more accurate assessment of their errors.

These authors chose to put more weight on the values of the phaseshifts obtained by
fitting to the shape of the non-resonant angular distribution at 19.1 eV, than those

obtained by studying the resonance. However, our analysis indicates that much smaller
errors can be obtained from the analysis of a resonance.

Andrick and Bitsch (1975) were the first authors to undertake a complete phaseshift t-
analysis of angular distribution measurements over a wide range of energies. They
performed a crossed electron-beam--gas-beam experiment and used the subtraction
technique discussed in § 2. They extrapolated these relative cross section data and
found the relative total cross section by numerical integration. They then performed a
phaseshift analysis of their data using the following method. Each set of phaseshifts
considered was given a value of K dl'c -d as the ratio of the cross section predicted from
the phaseshifts to the integrated total cross section. The values of K were used in
equation (I8) as fixed parameters. This extrapolation and integration is unnecessary
and may have hindered their ability to find the best fit. We present some of their data
(adjusted for K = 1) and their fitting results for 2, 5, 12 and 19 eV in table I. Their X1, .,
were calculated using statistical error only. The precision of their measurements, as
given by their statistical error, is sufficient to define the shape of their angular

Table 1. Analysis of the angudar distribution data of Andrick and Bitsch (19751. The
numbers in parentheses indicate per cent errors determined as discussed il the text.

'i

Energy r
(eV) Analysis X2  no (rad) li .(rad) ri2 (rad) K crr ( 2) al:, r (A)

2 Andrick and
Bitswh 1.5 2-616(5) 0,052(37) 1 6.20(50) 7-20(40)
Prc,cnt l1-t 2.517(8) 0.067(52) 0 010(>100l 1.37(52) 8.51(52) 9-8S(53)
Present
(12 Born) 1.88 2.642 0-049 0-006 0,91 5-68 6.00

S Andrick and I'
Ritsch 2.99 2'323(2) 0-135(19) 1 5-64(11) 6-64(11 )
Present 1-77 2-338(5) 0-126(40) 0-011(>100) 0.96(27) 5"42k26) 6"41(271
Present
(',12 Born) 3.85 2-319 0-138 0,015 1.01 5-70 6.72

12 Andrick and
Bitsch 0.81 1-985(3) 0.259(12) 1 4-15(4) 4.28(3)
Present 1.12 1.9936) 0.255(22) 0.036(99) 1.00(10) 4-11(8) 4-26(5)

(112 Born) 1.13 1-994 0"255 0.037 0.99 4.11 4.26

19 Andrick anti
Bi1sch 1.96 1.814(5) 0,325(12) 1 3.19(4) 2,86(4)
P'rescat 1.56 1-823(1) 0.325(30) 0.063(56) 1'00tg) 3-21(S) 2-86(9)
Present
('12 Born) 2.61 1.826 0-332 (1.058 1.01 3.21 2.89

- - '
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distribsitions clearly. Hlowever, the presence of systematic er rors miakes the accuracy of

this shape questionable. These authors satle that there could have been i systematicr
error due to inhonlogenL'itics in thle mna-gnetic field of their apparatus. Trh,,% estimated
this error to be a maximum of 3 to 4%X and they used this estimiate as decwribed in § 4 to
assign errors to ?it, vii, a -anTrr. Hoeer hy inlddnoexlctderiaonf
the error in K or 71z.

We have re-analysed the data of Andrick and Bitsch (1975) using our method
describecd in § 3 and also give our results in table 1. We considered three additional
sources of systematic error. No mention is made in the wor k of Andrick and lBitsch
(1975) of a Faraday cup. If the unscatte--.ed electron beami is not collected by at Faraday
cup, such ekectrons can introduce systematic errors as discussed in § 2. Hlowever, these
systematic errors are difficult to estimate. Anjother systematic error may lie p~resent if
thle angular spread of the electron beam is large. Thle measured cross section is actually
anl averagec of the Itrue' cross sect ion over the angular spread of thle beam. If the slope of
the 'true' cross section is changing rapidly, as is tile case at small angles at 19 eV, this
would result in an angularly dependent error. Sinice Andrick and 13itsch did not
measure the angular distribution of their electron beam, the size of this error is difficult
to estimate. Their electron beam was suffliciently wide that they considered their 100
data unreliable. If we assumne that the beam had at Gaussian distribUtion of 100
half-wvidth, then thle error is such that the measured value would be too large at small
angles. The maximuml error w.ould be 2% at about 300 and this error would decrease
uniformly to zero at about 100'. Another systematic error is possible if thle zero of the
angular scale is incorrect. As mentioned in § 27 the electron beam which dete:rminud this

* ~~ rcct~uii Ca'~ ~.tt~ ~ijIt Therefore it mechanical aligInment is [lot
ad--qatte and a direct ni. a~urenicnt of dhe unseattered b.,am is necessary for accurate

in the electron beamr can cause variations of several degrees (see Suitcliti ct al 1978).
Since the measurement of Andrick and Bitsch at 19 eV is changing by 21% per degree at '

the sinull angles, an uncertainty of only 0O5' in the zero of the an-olar scale would
introduce ant error of 1%/ into the measurement.

In the lig-ht of these possible additional sources of error, we conclude that thle error
analysis of Andrick and Bitsch underestimated thle errors in It,, qj irT id u.\,-. W~e
believe it is more reasonable to take thle estimated error of 3 to 491% as at probable error.
lIn this case the total probable error is 5%. We then calculate X2 using the tutal probable '
error and retain any fit with a x2!: 2. In the course of searching for acceptable sets of
phases~iifts, mnaxiimum and minimum values Of K ar-' developed at each energyv. These
extreme valueS form the basis of the error in K listed in table 1. Using statistical error
only, we are able to find x',,, which are significantly lower at all energies than those
given by Andrick and llitsch.

At 19 eV our best fit yields aset of values of ?It) 11, K, a-rand cri1 in good agreement
with tile set obtained by Andriek and Bitsch.

It Seems that the values for 12 eV given by Andriek and lBitsch in table I do nlot
represent their data. Thle x2 o h It found by us using the set of phaseshifts given by
Andrick and Bitsch at 12 eV is 4.33, while they gave a value of 0.8 1. We' cannot find a
set of phaseshifts which yield a fit with Vy2 < 1. The value of -, p~redicted hy our best fit
ait 12 cV is 4-1 1 (1%, lower thani the value given by Andrick and lBitsch).

At thle lowe r e ncrgics of 2 and 5 eV our best fits yield results which arc di flerenlt than
those of Andrick and !Bitsch ( 197 5). 1In particula r, we fin d Vlu tes (If K ?' 1. At 2 eV our $

best lit yields values of cr, and a-5mr which arc almost ccrtairnly too large. This fact and

e
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the very large error it, K show the breakdown of the normalisation procedure at low
energies. Th,- values of -q2 predicted by our best fits at 2 and 5 eV are signitica ntly
different from the values of 712 give r by the Born approximation. We have analysed the
2, 5, 12 and 19 eV data with 17 fixed at its Born -,alue in order to investigate the effect of
712 on thc best fit. These results are also presented in table 1 without error analysis. It
should be noted in table 1 that our best fit to the data of A ndrick and lBitsch (197 5) with

fix2 it it onvleyed -ry difTerent values of the fitting parameters at the
lower energies than when -q2 is allowed to vary. Furthermore, very different total and
momentum transfer cross sectionis are obtained at the lower energies. Thus thie energy
dependence of thle total or niorne'ntu transfer cross section at low eneroies is not very
wvell defined by analysis of angular distribution measurements. It has been argued by
Andrick and flitsch (1975) that all direct measuremnrts agree reg-arding the shape of
the total cross section. However the most recent measurement of Kennerly and
Bonham (1977) docs not have the s'ame shape as that of Golden and Bandel (1965).
Furthermore, the results of Andrick and Bitsch (1975) do not predict a definite shape at
the lower energi;es.

At all energies, the errors predicted by our analysis ire about a factor of two larger
than those prcdicted by Andrick and ISitsch. Since the shape of the aingular distributiOnl
is so vital to the nornmallisation process in both thenmethod of Andrick and Bitseh and our
own, the effect of unknown systematic errors onl thle shape of a meaisurement nmut not
be underestimrnatcd. In thle absence of experinienwl chcks to determine the size anJ

'-, ''tcnatic errors, no absolute values ol such errors can hLe determlined.
Wc have discussed four possible sources of .y,-:roAic error in the experiment of

Andrick and W~tsc:h and we believe that our error analysis gjves a ;nOrt' accur;'A
estimate of tile ci ro-s of their mecasuremnents and derived quantities. Amdrick and ;4

PBitsch also used effec:tive-range theorv to analyse their phaseshift resulits. They fitted
tile effective-ragoie formulael~ dCvelopCd by O'Nlillcy et al (1962) and O'Malley (196,N)
to their derived pha~seshiftrs as a function of enenr~v over thle range from 2 to 19 eV andI.
found that such fornila;: could reproduce their phascshifts w.iih a A < 01. Tiley.
argued that this SM1al 2 implied that the error in their phaseshifts could be substantially
reduced. However, it is quite unclea~r what physical meaning, if any, can be attached to
effective- rangie theory for I < 2 for energcs mu ch higher than I or 2 eV.

Williams and Willis (1975) measured the helium S resonance at 19-335V in a
crossed electron-beam-gas-beamn experiment. Thley, deduced the first three phiascshifts
by analysis of the resonance profile at % arious, scattering angles using a method similat to
that discuss,.d in § 3. They accounted for higher order partial waves tip to 1 10 by
using the values calculated from equiation (12). They obtained the values 710=

1*5±1%", 7 0*309±_2-6"o and n = 0-060± 11%. These errors are consistent
with a ± % statistical error in thle measurement of the resonance profile. In fact :t: 1% is
one standard deviation of the statistical crror in the experiment of Williams and Willis
(1975). As discussed in § 4. we would use two standard deviations w hen fitting the data.
Therefore, we believe that the error bars onl the phaseshifts of Williams and W\illis
(1975) should be increased by a factor of two. Another analysis of this resonance has
been recently made by Williams (1978). HeI accounlted for higher order partial N% myes
up to I/ 19 by using the %alsies calculated fronm equation (12) and obtained thle values
mjo= 1.822;t051%0, 7), (1031 0 .5 and 01r-061 ± 40. These errorba
reprcsent one standard deviation. WVc would use two standard de~ intions wheti fit tium,
the data so as to achie\ e errors at the 95% confidenice level. F-urthermore. unless t\% o
standard deviations are used to describe the da~ta of Williams and Willi% (1975) and

'I
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Williams (1978), the valies of 7i1 of the two measurements do not agree within their
respective errors. Williams I 978i also analycl angular distributions for energies from
0-5 to 20 eV. However, no data for angular distributions were includ.:d and we are thus
unable to draw any conclusions about his results. r
6. Discussion of experimental results and conclusion

In this section we discuss the difference between the various angular distribution
measurements in the light of our analyses.

The 11on-resoununlt art-_tular distribution measurements of G'ibson and Do~de:r
(1969b).are in aoreecmnt with those of .ihConkey and Preston (1975) at a!l common
energies studied. The angular distribution measurements of McConkey and Preston
(1975) at 19 eV are compared with those of Andrick and Bitsch (1975) ini figure 3. It
should be noted that after we have increased the error bars on the measturemcnts of
Andrick and Bitsch (1975) to account for the error in the determination of K, the two
sets of error bars overlap for 0 -- 2;'. As has been discussed in § 5. the error bars on the
measurements of McConkey ard Preston (1975) might also be increased. If this were
done, the angular distribution measurements of McConkey and Preston and those of
Andrick and Bitsch at 19 cV would be in anreenent at all angles. Nevertheless. the
errors associated with the phaseshifts of either set of measuremcnts at this eiergy are
smtticiently large that the phascshifts or cross sections derived from them Cannot b,

or the various theories. These errirs arc oeii in table . where we suimarise the
results of our analvses at 19 eV. The direct total cross section rmnasurorn,rnts of Golden
and Bandel (1965) and Kenverly ancl llonham (1977) as well as the cailculation of

I-
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Duxier et ti (1971) are also included. It can be seeni from table 2 that the errors in the
phaseshifts obtained from the resonance profile measurements are much smnaier than
those ob~taine~d from the non-resonant angular distribution measurements. Therefore -
we have made an average of the phaseshifts determined from analyses of the resonance
profiles given in table 2 weighted by their respective errors. These values are also given44
in table 2 as our best estimates. The differential cross section prediczed by these
phaseshifts and f2B is shown in figure 3 as a full curve. This curse calculated from the
phaLseshifts deduced by analyses of resonance profiles is in excellent agreemnent with theL
non-resonant angular'distribution measurements for 0 4 550. As 0 -0 this calculated
curve tends to predict values roughly midway between the two measurements. This4
behavioar could be expected on the basis of our previous discussion of the ivstemnatic4
errors of the measurements. It should be noted that all of the values of o "-- etermined -I

from all of the mngular distribution measurements given in table 2, on or off -esonancz3,
are in azreemient with each other within Y% while the corresponding values of UT onty

F agree: to within 14 1.

Table 2. I'ha.thiifts, totuitand monientumt transfer cross sectionts for C-li s,:atteiCat
19e%' The m mib in vae fles di,:atc p~r cent errors at 111c 95.. conJ!-c l %ne l. .

370 (rad) It! (r ad) 112 trad) CT tk) or%- (,k)

4Cmoi.or 9 5)197 ()0d)9 , 12 0 5 4 2 1 9rv 18 ~ 21;1)

Nb;117) 18l) 0- 1316 0-061S 3t3k~ 2S-,]

Bestnk Cst !ont 1863,(4) 0329172) 06k4 0(O 2-S)

Andrick ":nd PBsch (175 are (1 in 3greemen 00ith50 e3h ter20%n herSr:;v _1

Bales o! ~na ie cr863s4 sections) i.n034 3-5CO 2 Ic sctecoems ei S ihp

measuremnents of thibson ane role 193 McVo Te an PestvNTI of1i nd
me..;rmen a doe not.c 19v5)lae the visrenn of ith eac oater % andthus fle of er irors

which ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~. v., hm soiae ih h esreet.V,1ISo oyo .% C r
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associated \\ith K. Furthermore, the method of analysis of resonances discussed in § 3
niay be used at the angles of 31, 62. 82 and 137' to dtcrmine the first three phaseshifts
without inclusion of the higher order phaseshifts. Therefore by analy sin g the resonance
at other angles one may check the validity orf' (equation (14)). Whie the resonance
measuremrents of Gibson and Dolder (1969a) were made with an energy resolution of
about 65 rneV, those of Williams and Willis (1975) were made with an energy
resolution of 10 meV. However, in neither case does the energy resolution contribute

significantly to the errors in 1, i1, 17, r,- or CYr. Therefore, if the statistical errors of
this kind of measurement can be reduhced to 0.05%, the values of ?1(, 171 and 112 can be
determined to about 0.1, 0.3 and 1%, respectively. Then ,ry and (Tr.\,,. will be
established to better than 1%. This is easier to do than to make sufficiently precise
moeasurerments of aneular distributions at energies where there are no resonances.
Following the piecise measurement of the resonance profile, relative angular dis-
tribution mc surcnMents at all energies may be placed on an absolute scale to better than
1% by nornaliin, thetm to measurements at 19-35 eV and using the procedure
discussed in § 3 \\itll K = 1. However. it should be cautioned that in making such
rteasurenicnts one needs to p:iy attention to the consideratioas discussed in §§ 2-4.

We ha\e en in table 2 best cstinmate+ of the Valnes of 71,. ?) and 71_ at 19 e\' based

on the ,tvailabe resonance profilc -esurenments. We o'lcr no best estimate for
phaseshifts at other encr,,,ics pending addit ial measure tents.
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Low energy electron impact excitation of the b + state
of COa)

J. R. TwiSt,b) W. C. Paske, T. 0. Rhymes, G. N. Haddad, and D. E. Golden
Department of Physics and Astronomy. 6lniversity of Oklahoma, Norman. Oklahoma 73019

(Received 23 April 1979; accepted 13 June 1979)

The lifetime of the b 3 V(v' = 0) level of CO has been measured using a delayed coincidence technique.
Lifetime components of 51.86±0.24, 358±20, and 1500+900 ns at the 95% confidence level have been
unfolded by computer fitting and extrapolating to zero pressure. In addition, the collisional quenching
cross sections for the prompt decay and the first cascade component were determined to be
(7.7±3.8)x10- 5 and (7.1±3.5)XI0 - ls cm2 at the 95% confidence level. These results agree with
spectroscopic evidence that the a3 1+(u" = 32-41) levels strongly perturb the b 'YZ(u' = 0,1) levels.
Discrepancies with previous lifetime results are explained.

INTRODUCTION Ms. 12 A discussion of the older work" 8 has been given

The lifetime of the b 37*(v' =0) state of CO has been by Van Sprang et at. 1 and will not be given here.

studied by a number of authors, 1-a with widely varying In an effort to understand the rather large differences
results. While some have reported pressure dependent between some of the previous results we have remea-
lifetime components, 4,5,8 others have not. 1-316,7 sured the lifetimes and the quenching. cross sections of

this state and the cascade components in a delayed coin-level of this state was made by Van Sprang et l. t by cidence experiment between a rapid electron gun shutoff
studying the b-a transition using a delayed coincidence and photons from the b3'F*(z,' =0)-a nrv"' = 0, 2) transi-
technique with a pulsed electron gun and a monochroma - tions. In addition, we have also determined the optical
technique wih-2 a pledt eleron gun d and acon oceroae- excitation function using the time resolved technique of
tor of 5-20 A resolution. The decay constants were de- Golden et al. 13
termined by fitting the data to either one or two expo-
nentials for the lifetimes studied as a function of pres-
sure in a scattering cell which wtts differentially APPARATUS AND PROCEDURE
pumped. In this work, the excitation pulse was varied The experimental apparatus which is shown schetnati-
between i00 ns and i) us ancn a sn ort pulse was usect cally in Fig. 1 consists of a pulsed electron gun, gas
in the case of the b state decay. The maximum for the target cell, anid Faraday cup all located in an ultra-high
b-a emission function was found to be at 13 eV and the vacuum system. Photons which pass through quartz
lifetime data were obtained at that energy. windows in the gas target cell and vacuum wall are fil-

The lifetimes of the v' =0, 1 levels of the b 3Z state tered by a Bausch & Lomb high intensity UV-visible

have been measured by Smith et l. 2 These authors re- monochromator and are detected by a RCA C31034A-02

ported coincidence measurements between energy aria- photomultiplier tube (PMT) cooled to -20 'C. The pho-
lyzed (50 meV resolution) inelastically scattered elec- ton pulses are processed with Ortec timing circuitry and

tros and emitted photons which were filtered by a 2400- stored in a multichatnel analyzer (MCA) or in an online
4200 A bandpass filter. The lifetimes were studied as LSI-11 minicomputer.
a function of the pressure in their molecular beam target The electron gun described previously"' 1 4 has been
using a time window of 400 ns. They expected multiple modified for this work as follows: The retarding poten-
exponentials in the decay of the v' = 1 level since spec- tial difference (RPD) element (element 3) has an added
troscopic measurements have shown this state to be grid structure which is electrically isolated from the
strongly perturbed.9,tO However, their experimental neighboring elements. A coaxial 50 f2 terminator has
sensitivity to multiple exponentials was low and they been connected to the RPD element to terminate a 50 a
only observed one exponential decay, although a 3% vacuum coaxial cable connecting the grid to a PG-502
background slope correction was made to the higher Tektronix pulser. The sixth lens element has been re-
pressure data before analysis, designed to give increased control of the electron beam.

The lifetime of the b state was measured by Rogers A 0.035 in. i.d. aperture has been added to the seventh

and Anderson, 3 by studying the b 3N',(v' =0)-a 3a(v 1, lens element to reduce the amount of unscattered elec-

2, 3, 4) transition for a pressure range from 10-125 trons collected by the front surface of the target gas

mTorr. These measurements used a hot cathode inver- cell. This allows a more iccurate measurement of the

trontt and a delayed coincidence detection scheme. fraction of the current collected by the target gas cell
which is due to scattering events inside the cell. The

Their lifetime data were fitted to a single exponential electron multiplier een rep le by a F d c
by gaphcattecniqes singa rcor legthof . 5 electron multiplier has been replaced by a Faraday cupby graphical techniques usi, g a record length of 0.5

to permit absolute current measurements of the elec-
tros beamn transmitted through the gas t:ell.

"Supported in part by grants from NSF and A FOSR.
5 tPreent address: Physics Department, Georgia Intiltute of The axis of the optical system is perpendicular to the

Technology, Atlanta, Ga. 30332. electron heam and is defined by a 25 mm focal length

J. Chem. Phys. 71(6), 15 Sept. 1979 0021-9606/79/182345-07$01.00 0) 1979 American Institute of Physics 2345
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lens of UV grade fused silica. This lens is mounted 1 in. stants from the data by computer fitting to a sum of
frnm thp Pl=('tron heam ?nd prnvidee A f/1. n ennp nf rave il "nnnontfil

;C iigiit to the muuocl(ruwitL r. Ille U LAcal monochroma-
Wavelength scans were made in the region of interest,tor has a reciprocal dispersion of 76 ,A/mm. To obtain

i.e., 2000-3500 A, to determine that the states studied
the best resolution with an exit slit width of 0. 25 mm, were free from overlapping states. 90" - " ' The spectra
the optimum entrance slit width should be 0,50 5m. were obtained using a resolution of 50 A FWHM at elec-

owever we used a 0.75 mm entrance slit and a 0. 25 tron beam energies from 10.5 to 13.5 eV. For the op-
mm exit slit to obtain more light. This combination tical resolution used in this work no spectral overlap
gives a resolution of approximately 19 A. A static gas was found for the third positive system for electron en-

line from ihe gas cell is connected to an MKS Baratron ergies just above the bps(v' 0) threshold. The

cap-..itance manometer. With a pressure of 10 mTorr b 3Z*(v'=0)-e I1(v" =1) transition at 2977 A is nearly
in the scattering cell, the low pressure region of the overlapped by the b Z(v' = 1) - a 3 l(V" = 2) line at 2930 A.
vacuum system is approximately 4X 10' Torr as mea- However the 2930 A line is expected to be weak due to
sured by a Varian triode ion gauge, the small excitation cross section of the b 3s(V, = 1)

Photon signals were time resolved with respect to the level. The b 3E(v' = 0)- a 3 f[(v ' = 0) transition at 2833
turn-off of the electron beam. For lifetime studies, the has an adjacent line at 2799 A [A 1n(v = 0)-XVZ (W" = 22)].
data were recorded using multichannel analyzers (MCAs). These lines were resolved in the present case. The
The response time of this system is faster than 4 nsec. 3134 A line [b sZ*(v' = 0)- a sIl(tPI = 2)] is overlapped by a
To record the optical emission functions, a time region line at 3138 A [C'2?(v =0).aSH(v ' ' =2)]. However by
was selected by the single channel analyzer in the time keeping the electron gut energy set at the peak of the
to amplitude converter (TAC). The signal in this win- b 3E(v' =0) excitation cross section, the C 1 °(t-' =0)
dow was counted into one of six scalars interfaced with state will not be populated since its threshold is 0. 7 eV
the LSI-11 minicomputer and stored on a magnetic disk. above the peak. In addition, since this is an intercom-

Delayed coincidence experiments may suffer from binatlon line it is expected to be weak.

several kinds of systematic errors in addition to random The relative optical excitation function as well as the
experimental errors. For an extensive discussion of lifetime of the b 3E*(Iy' = 0) level were measured by study-
these errors see Corney, 15 Imhof and Read, 18 and ing the 2833 A (0, 0), 3134 A (0, 2), and 2977 A (0, 1)

Khayrallah and Smith.17 In the present work, the most lines with an electron energy resolutionof0.3eV. These
serious errors to be avoided or accounted for are spec- lines suffer from spectral overlap above the 16. 5 eV
tral overlap of emission lines due to the finite resolving threshold of the A 2ll comet tail bands (A III -X:y,*) and
power of the optical monochromator, cascades from from the first negative system above the 10. 7 eV thresh-
higher lying states, and extraction of the decay con- old of the BJ'E state (Bf2;*-X7,*).

J. Chem. Phys., Vol. 71, No. 6, 15 September 1979
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TABLE 1. Nonlinear computer fit on test data. a

Gaussian
noise factor No. of

, (standard Calib. Exp. used lIeduced Initial linal

(u) (Ms) At A, A, C deviations) (na/ch) in Fit X
2  

Ch. Ch.

51 350 1.50 54000 10oo 700 100 1 5 3 . 20 980

56.99 ... ... 54-106 ... ... 352 1 5 1 169 20 980
!0.27 1 187 19
51 79 692 . 54240 1751 160 1 5 2 3.1 20 980
t0. 014 5 +20 ± 10 k2
30.93 351 1.50 55970 1582 701 99 1 5 3 1.008 20 940
t0.04 i11 t0.07 124 *26 *33 15
51. 69 402 1.79 53855 1548 59b 88 2 5 3 4.260 20 980

o 08 ±25 10.26 t42 *61 ±70 +12

55.37 ... 54002 ... 1270 1 0.5 1 7.15 20 950
t0.09 .93 *7
51.70 278 ... 53780 2044 657 1 0.5 2 1.050 20 980
10. 10 32 A 110 *56 171
50.92 282 1.02 53970 1316 1053 112 1 0.5 3 1.040 20 980
1 O. ,S 31222 +291 (2050 ±140380 &32900 +±10

50. 18 326 1.43 20306 1427 721 102 1 5 3 1.013 30 980

0. 11 11 ±0.62 &126 ±24 ±31 14
51.9:3 370 1.55 7583 1173 630 97 1 5 3 1.023 40 980
t0.23 A. 15 10.91 121 128 134 15

i. 08 407 2.09 54029 1717 585 1
"t

o- 1 5 3 0.890 20 500
. 0.05 *±17 t0.96 128 "152 k55
50.79 339 1.72 54123 1590 823 10-10 1 5 3 0.961 20 250
.0.25 ±97 *2.80 -174 1472 - 421

"Uncertainties represent one standard deviation of the computer fit to the data.

Cascades have been avoided as much as possible by eters used in fitting synthesized data and the resulting
keeping the electron gun energy near the peak of the reduced x2 is shown in Table I. The parameters chosen
b a+(r' = 0) cross section at 10. 7 eV. It should be noted for this test are shown in the first row of the table. It
that this is just above its threshold at 10. .cl oV Anlv- -",I'i - 1 . ...... . ....... 6Uvee

.. ... . ,. o MS full range time the chosen value of rT as more exponentials are added.
scales showed the existence of weak long lived compo- In this case, whet too few exponenlials are present T, is
nents in the decay of the b 3 '(n' = 0) state, even when too large. It can also be seen that doubling the Gaussian
the precaution of using near threshold excitation of the distributed noise greatly increases the error associated
state was used. This necessitated lengthening the time with each decay constant. The errors listed In Table I
scale used in our lifetime work to provide accurate are one standard deviation. The lifetime components
analysis of these long lived components. It also re- are obtained with less systematic error when a 5. 0 ps
quired a computer fit of the data to a sum of exponen- record length is used as opposed to that obtained when
tials as expected for cascades: a 0. 5 as record length is used. Finally, moving the

N(t) = Ae'/'t+Aze''I/z+Ac'/73+ C,(1) first channel of the analysis to longer times effects the
short lived exponentials and similarly moving the last

where A,, A2 , and A3 are the strengths of the component channel of the analysis to shorter times effects the long
decays and T1, rz, r3 are the lifetimes of the prompt, lived exponentials.
first cascade, and second cascade components (which
may be pressure dependent) of the levels in question, The lifetime data were collected at pressures varying
and C Is a constant background due to dark counts in the from 1 to 20 mTorr. All data were collected such that
detector. It should be noted that while we have observed the channels just prior to the beam turn-off had at least
at least two cascade components in the present work, no 50000 counts. The majority of the data runs were
dipole allowed transitions that end on the b 3 r were taken at a 100 kIiz pulse repetition rate where the beam
found in the literature. 9,10-20 was "on" for 5 As and "off" for 5 As. The MCAs were

tile calibrated using an Ortec 462 Time Calibrator.
A computer program which is more fully described In no case did the MCAs show a time drift of more than

elsewhere, 2 ' was used to extract the lifetime colponents one channel over the full 1024 channels for a scale of
1v fitting the data to Eq. (1) using a nonlinear nlethod 5 ns/channel. Two data acquisition systems were used,
)f least squares. The program can fit up to four ex- each using a separate MCA and TAC. The first was set
pnentials plus a constant background and was tested at 5 AIs full scale and the second was set at 0. 5 as full

:sii;- synthesized data containing chosen exponentlals scale.
' nis varying amount of Gaussian distributed noise. 22
S !' was found that the program could extract decay con- To measure the optical emission functions, a total

-. tn-.t ts long as the noise was lesn than one standard photon signal was taken fronm Ihe stop channel of the
ieviatioll. The effect of varying the nunmbers of param- constant fraction discrilnlnator (Ortec 437A). This

.J. Chem. Phys., Vol. 71, No. 6, 15 September 1979
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FIG. 4. Delayed optical excitation function (440 nsecl delay)

FIG. 2. Decay curve for the b3 *(v' =0)-a 3 l(p ' ' =2) transi- for the b-a (0,1) transition in CO at 2977 A at a pressure of
tion in CO at 3134 A at a pressure of 18. 6X 10- 3 Torr after a 12.0X 101 Torr using 300 meV resolution, for 20 meV/channel
run time et 21.6 h. Region A is the time region for the mea- with a dwell time of 660 sec/channel. The points are three
surement of the total emission while Region B is the time re- point averages.
gion for the measurement of the prompt emission and Region C
is the time region for the measurement of the delayed emis-
sion for a repetition rate of 1. 019x 105 Hz, a photon count rate conducted to determine the uncertainties in the param-
of 1. 2 klHa, at an electron energy of 10.7 eV. eters. This grid search provided the range through

which the data could be fit by the seven parameters

signal corresponds to the case of an unpulsed electron (lifetimes and intensities) and still yield a reduced chi

beam in which all excitation processes have reached square of less than two. The error bars used in Figs.

equilibrium. Alternatively, a TAC has been used with 6 an0 7 which are two standard deviations are the result
of this search. The uncertainty in the prompt decay at

uits time window set so that photons are counted only the two standard deviation level (95Vo confidence) was typi-
during the time region marked A in Fig. 2. The delayed cally one percent, while the uncertainty at the 95% contfid-

emission curves were obtained by counting photons in nce l the t cerwa tyal abu 9V.
regin Cin F-. afer te gn ha ben of fo I ime ence level for the first cascade was tpically about 2W0%.

region C in Fig. 2 after the gun had been off for a time Five separate lifetime runs at the sanme pressure yielded
greater than 8 or 10 prompt lifetimes of the b 3 , "0) lifetimeswithintheaboreuncertaintylinits. Theuncer-ste. Th lifeayed photons coreson abov uncrtagt lived.Thu
state. The delayed photons correspond to long lived ainty quol ed for the quenching cross sections represents one
" .... hiph .. nonla me staw air standard deviation in the slope 0l a weigntea ieasL squaren

those molecules which were directly excited to the b fit to the reciprocal lifetimes vs pressure where each
state have decayed. By comparing total and delayed data point contains an uncertainty of two standard devia-
excitation functions, one has a means of determining tions. In the same manner, one standard deviation for
the thresholds of these cascade processes. the intercept yields the uncertainty in the zero pressure

EXPERIMENTAL UNCERTAINTIES lifetime at the 95v confidence level.

In our lifetime determinations the statistical errors RESULTS AND DISCUSSION
typically vary between 0. 2% right after cutoff to about The total optical excitation function shown in Fig. 3
3. 5,; at the longest times used. The data were fit using was obtained using the total electron gun cycle. It should
Eq. (1) to find the best values of all the parameters by be roted that the prominent resonance peaks and general
the method described above. A grid search which varied structure are in good agreement with the results given
each parameter about its best value independently was by Fikui et al. 2s and Wise. 24 These structures were

used to calibrate the electron energy scale.

A delayed excitation function obtained using the time
region marked C in Fig. 2 is shown in Fig. 4. Note

that even though the excitation pulse has been off for
w 70 eight prompt lifetimes, an excitation function with a

t ,threshold near that of the total function still persists.

It is clear from this curve that measurement of the
prompt lifetime using threshold excitation does not elim-

2b~3 mate cascades.
A semilog decay curve for the b- a (0, 2) transition

C,

in CO is shown in Fig. 5. The best fit to the data using
-- ------....................... the method previously described is shown as the solid8,94 9 94 10.94 It 94 12 94 13L9ECTRON 9NRGY 4eV) line. The two dashed lines on the expanded scale rep-

FIG. 3. Totl optical excitation ftmctton for the b--a (o 1) tran- resent the envelope of the extreme fits to the data as
sition in CO at 2977 k at a pressure of 12.0y 10 1 Torr using determined by the statistical error limits of the data at
300 mcV resolution, for 20 incV/channel with a dwell time of the 95% confidence level. Three lifelimie components
660 bee/channel. were extracted from data like that shown In Fig. 5. By
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FIG. 5. Semilog decay curve for the data shown in Fig. 2. Pressure (mTorr)

FIG. 7. Reciprocal lifetime vs pressure for the first cascade
taking data such as that shown at various pressures in component feeding the b-a (0, 0)-. and (0. 2)-m levels of CO.

the range of from (1-20)y 10"' Torr we studied the pres-
sure dependence of the various decay components. a single exponential to our data consistently gave a

The reciprocal prompt lifetime vs pressure is shown prompt decay lifetime of 56 ns when a data record of
in Fig. 6. The zero pressure extrapolated lifetime for 0. 5 gs or less was used. This lifetime was also obtained
this decay is 51. 86± 0.24 nsec at the 95'7 confidence when computer fits for one exponential were made to
level. The slope of the plot yields the collisional quench- data sets collected on 0. 5 and 5 jis time scales when an
ing cross section which is (7.7± 3.8) " 1U"1 cm3. 87 ns excitation pulse was used. However, in all cases

The pressure dependence of the first cascade comipo- we did see the 350 ns cascade when a two exponential fit
nent feeding the b-a transition is shown in the reciprocal was made. It should be noted that our experiment with

a 0. 5 p.s time scale and an 87 ns excitation pulse islifetime vs pressure curve in Fig. 7. The zeme n pres-
sure extrapolated lifetime for this cascade component similar to the arrangement used in two of the previous

is 358±20 nsec at the 955 confidence level and the slope studies 3 This kind of arrangement has been commonly

of this plot yields a collisional quenching cross section used for measurin- lifetimes in the 30-100 ns range
which is (7.1± 3. 5)× 10"s cn at tihe 95~'b confidence level, since a short excitation pulse and a short record lengthwxc will allow a higher repetition rate and a shorter collec-

The .f . ,.,,,.n . feding the b-a transi- tion time. In addition to the systematic errors seen in
tion was very weak and we measured its lifetime to be the prompt decay lifetimes if cascades are present,
(1.5 ±0. 9) psec at the 95% confidence level. The poor fitting to short data record lengths makes finding long
statistics associated with this cascade did not allow its lived exponentials difficult since usually not even one
pressure dependence to be extracted. e-folding is present, and the use of short excitation

We have summarized the present results in Table II. We pulses will not allow the long lived processes to saturate.
have alsoincluded the previous results of VanSprang el In both cases the long lived processes are not elimi-
at.,' Smith et al.,2 and Rogers and Anderson, 3 as wellas our nated but are decreased to the point that they cannot be
reanalysis of the data of Rogers and Anderson.13 As has accurately determined although they may still effect the
been discussed above, if either too short an excita- prompt lifetime of interest. In this work excitation
tion pulse or too short a record length is used, too long pulses several times longer than the longest lifetime
a prompt lifetime will be observed. Computer fits for detected have been used so that the long lived compo-

nents could be fitted with precision.

The difference between the prompt lifetime determined
by Smith, bnhof, and Read, 2 and that determined in the

P 2.00 present work is about 1 nsec larger than that given by
2-00 the combined error limits of the two experiments.

-19~ Smith et at. made a 37o slope correction to their data
Sbefore analysis. The 3To slope could correspond to an

1 927- exponential with a lifetime of about 450 ns. It is possi-
I-!;ble therefore that the cascade process was misinter-

1.8 preted as the photon count rate error commonly en-
!! 184 countered in coincidence work. Since in the present

work the data rate is less than 0. 1.; of the pulse repeti-
tion rate, we should have an insignificant photon count

L rate error. In addition, we found that three exponentials
2 4 6 8 10 1? 14 i6 it "1 22 were necessary to analyze our data. In our analysis of

F,,essure (mTor r) test data we found that when two exponentials were used
PiG.. Reciprocal prnipt lifetim vs prssure for the b-a for data analysis, a prompt lifetime which was I ns too
S(,.)- and (0,2)-s . long was recovered. It seems likely that this is th,

J. Chem. Phys., Vol. 71, No. 6, 15 Seprtmber 1979



2350 Twist, Paske, Rhymes, Haddad, and Golden: Electron impact excitation of CO

"ABLE 11. Lifetimes and collisional quenching cross sections fur the b3 Z (v '=0) state of CO.

First
Prompt cascade

Prompt First cascade Second cascade quenching quenching
lifetime (nsec) lifetime (nsec) lifetime (nsec) cross section cross section

Investigator (T,) (T') (1') (cm2) (cmx)

This work 51. b6i 0..24 358 -120 15001900 (7.7 13. 8) x 10" (7.1 * 3 .5) x 10- :

Van Sprang et al. (Rtef. 1). 56 1 I Not mentioned Not mentioned Not mentioned Not mentioned

Smith et al. (Ref. 2). 53.6 a 0.3 Not mcntioned Not mentioned <2x 10- 14 Not mentioned

Rogers and Anderson (Ref. 3). 57.6 * 1.24 Not mentioned Not mentioned Pressure independent Not mentioned !

Rogers and Anderson (present 54.6& 5. 8 340± 200 Indeterminate (1.28 10.51)x 101" Indeterminate
analysis, see Ref. 11).

explanation of the discrepancy. It is also possible that other long components were detected. So we have not
the electron monochromator in the experiment of Smith found any conclusive evidence for attributing the cascades

el al. 2 did not exclude electrons that have scattered to such a long lived metastable.
from the nearby perturbing vibrational levels of the
a' . In this case long lived a' levels could have been It is likely that the origin of the first cascade into the ,0
counted as coincidences. However, this effect should b ° state is due to the v" = 32-41 levels of the a' s
be small, state, since the high vibrational levels of the a' state

Our computer analysis of the data of Rogers ane are known to strongly perturb the v' = Oand 1 levelsofthe

Anderson3" 2 yields at best two exponential decay curvs. b3at state.9 q This conclusion is supported by the
Our attempts to fit three exponentials to the data of fact that the quenching cross section of both the

Rogers and Anderson have not been successful. We prompt and first cascade components of the decay

attribute this failure to their short data record length are equal.

(600 ns) and their poor statistics (typically 3000 counts
in the initial channels). Our reanalysis of their data
yields a pressure dependent lifetime of 54. 6 ± 5. 8 ns

i , . . . . L. 2 . 0. 51)X 10
"'4  'JI. A. Van Sprang, u. ji. Moninian, ano I- . •.ue iteer, nein.

cm2 in ag-reement (within error bars) with the present Phys. 24, 429 (1977).cm2~~~~~~~~ ~~~~ inareet(ihnerrbr)wt h rsn A. J. Smith, Rt. E. lmhof, and F. 11. Read, J. Phys. B 6,
results. We believe that their result is systematically 133 . 1 .1333 (1973).
high due to the short record length used (see Table 1). 3

j. Rogers anti R. Anderson, J. Quant. Spectrosc. lRadiat.
This explanation is also applicable to the difference Transfer 10, 515 (1970).
between the prompt lifetime result of Van Sprang et al. 4j. 11. Moore Jr. and W. W. Robinson, J. Chem. Phys. 48,
and that given by the present work. In addition, Van Sprang 4870 (1968).
et al. used an electron energy of 13 eV which is only 1 eV 5 E. H. Fink and K. H. Welge, 1. Naturforsch. Tel A 23, 358
below the ionization potential of CO. This introduces (1968).

a number of problems which have been discussed above. 'T. Wentinck Jr., F. P. Marra,, L. Isaacson, and R. J.
Spindler, Ablative Material Spectroscopy, AFWL TR 67-30.

Furthermore, our reanalysis of the data of Rogers and 711. G. Fowler and T. M. Ilolzberlein, J. Chem. Phys. 45,
Anderson, 12 supports the conclusion based on our own 1121 (1966).
data that multiple exponentials are present in this decay. 8R. P. Schwenkcr, J. Chem. Phys. 42, 1895 (1965).
The first cascade component found by us in our reanaly- OP. Ii. Krupenie, 1966 Natl. Stand. Ref. Data Ser. 5, Natl.
sis of the data of Rogers and Anderson has a lifetime Bur. Stand.
of (340 200) ns. However the statistics for this cascade 'OR. K. Asundt, Indian J. Phys. 50, 241 (1976).

are so poor that it is difficult to determine IT. M. Ilolzberlein, R1ev. Sci. Instrum. 35, 1041 (1964).
component aF. Anderson has kindly supplied us his raw data for reanaly-
if any pressure dependence exists. The lifetime given ala.

in Table U for the first cascade from our analysis of 13D. E. Golden, D. J. Burns, and V. C. Sutcliffe Jr., Phys.
the data of Rogers and Anderson is the mean of all of Rev. A 10, 2133 (1974).
their data. The error given in the table is the square 14D. E. Gold, i and A. Zecca, Rev. Sci. Instruni. 42, 210

root of the variance of the mean. (1971). dn2I " IsA. Corney, Adv. Electron. and Electron Phys. 29, 115

Long lived (I ms) metastable thresholds have been (1970). I

observed in the region of 10-11 eV by Wells ef al. 25 In ";G. F. Imhfant F. 11. Read, Rep. Prog. Phys. 40, 1 (1977).

order to insure that the cascades observed in the present 17G. A. Khayrallah and S. J. Smith, Phys. 1ev. A 16, 559
(1978). '

work were not due to such metastable states, we used (1. '
an electron gun repetition rate of 12 kHz and a TAC lt-erdcs (Plenum, New York, 197).,

record length of 40 jis. In this way, an extremely weak I'I. W. i. Iearsc and A. G. Gayden, The Idenaifiretan'a of '2

exponential was detected with a lifetime of (5 .10) itsec. 0Mol,.rd, r Spectra (Wiley, New York, 1976).
Its amplitude was only 25 ". of the background and no B. Rlonen, Selted Consants sipe'tro)'-woph" lData M-lAive
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to Diatomic Molecules (Pergamon, New York, 1970). 23K. Fukui, T. Iirotsu, and K. Kuwata, Chem. Phys. Lett. 44,2 'See for example, W. C. Paske, Ph.D. dissertation, Uni- 13 (1976).
versity of Oklahoma 1974. 24N. Biase, Chem. Phys. Lett. 61, 367 (1978).

22G. E. P. Box and M. E. Muller, Ann. Math. SLat. 29, 610 21W. C. Wells, W. L. Borst, and E. C. Zipf, Phys. Rev. A 8.
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Electron-photon angular correlation measurements of He (1 'S,.2 'PI)
excitation by electron impact at 80 eV

N. C. Steph and D. E. Golden
Department of Physics and Astronomy, University of Oklahoma, Norman. Oklahoma 73019

(Received 22 May 1979)

The electron-photon angular correlation function was measured between 80-eV electrons which excited the
2 1P, state of helium and 58.4-nm photons from the decay of that state for electron scattering angles ranging
from 5" to 100'. The data have been analyzed to yield values of the ratio X of the differential cross
section for exciting the %Mj = 0 sublevel to the total differential cross section and the magnitude !e of the
phase difference between the Aft = 0 and M = I excitation amplitudes. The data agree with all previous
measurements within one standard deviation, with the exception of the large-angle values of A obtained by
Hollywood, Crowe, and Williams. Possible causes of these discrepancies are discussed. The values of A and
bd obtained in this work agree quite well with those given by the distorted-wave calculations of Madison
over the entire angular range.

i. INTRODUCTION the cross sections for exciting the magnetic sub-
levels of the 2'P states, cr, =a-, and the reIa-

The study of correlation between outgoing corn- tive phase X between the corresponding scattering
ponents of an electron-atom scattering experi- amplitudes. The standard parameters used to
ment can yield information about the internal describe the scattering are a, the differential
symmetries of the target, provided the experi- cross section for exciting the 21P state (a= oo.
mental geometry is properly prepared. In an + 2al), X= rolu, and X. The parameters X and X
inelastic scattering experiment, the angular may be determined from a measurement of the
correlation between scattered electrons which electron-photon coincidence rate which was origi-
have excited a particular atomic state and photons nally given by Macek and Jaecks. 4

from the decay of that state, leads to knowledge The 1974 measurementsof Eminyan et al.,'
of the excitation cross sections for the degener- which were the first to determine x and ,X! for
ate manotc ,sdltlovovt -= w 'k as the relative the Z'r state ot neltun, coverea tne energy
phase of the corresponding excitation amplitudes, range from 40 to 80 eV for a range of 0. from 16'
Alternatively, the alignment and orientation to 40* and the energy range from 100 to 200 cV
parameters which describe the polarization and for a range of 0, from 16' to 200. The angular
anisotropy of the radiation are specified. Such ranges at 80 and 120 eV were extended to I1 and

a scattering experiment is thus the most sensi- 10°, respecitvely, by Ugbabe et al.' in 1976. In
tive test of a theory of atomic excitation because 1977 Tan et al., used a linear polarization filter
it can measure all of the quantum-mechanical at 50 eV to cover the angular range from 5' to 42'
observables. atid at a fixed scattering angle of 420 to cover the

In the present work we consider the excitation energy range from 32 to 80 eV. In 1978 Sutcliffe
of the 2 'P state of He. Since both the general et al.' extended the measurements of k at 80 eV
subject of electron-photon angular correlations to the range from 50 to 155' by restricting the
in atomic physics' and the specific topic of elec- photon detector to 90', and thus no determination
tron-helium excitation2 have been recently re- of X was made. All of these experiments are in
viewed, only a brief discussion will be given excellent agreement for A and IxI at 80 eV in
here. their common angular ranges. More recently,

The first electron-photon angular correlation Hollywood et al." measured both k and IX I at 80
measurements reported were for the excitation cV for the angular range 100 to 1300. Their
of the 2 'P state of helium.' In these experiments, values of X at 16' and 25' are lower by 9 and 12'(,
2 P - 1IS photons were detected as a function of respectively, than those of Eminyan el al.," and
angle 0, in the scattering plane in delayed coinct- their results disagree even if the uncertainties
dence with electrons, which had excited the 2 'P are increased to two standard deviations or 95',;
state and been scattered to various scattering confidence limits. In the range front 50' to 70"
angles 0, at various electron impact energies E. they agree with the results of Sutcliffe ct td..'
The wave function of the 2 'P state is conpletely while their value at 90' is substantially lower
determined within an arbitrary phase factor by than the value of Sutcliffe (, a.7 Their values of
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kIx are in good agreement with previous measure- between inelastically scattered electrons which
ments in their common angular ranges. have excited the 2 p state of helium and tho pho-

There are many calculations of both X and IX! tons from the decay of this state. The apparatus
using several different techniques. 9 "S The dis- consists of a rotatable electron gun (EG), a rota-
torted-wave calculations of Madison and Calhoun,' table hemispherical electron-energy analyzer
give values of k at 80 eV, in excellent agreement (EEA), and atomic beani source, a double-walled
with all of the data of Sutcliffe ci al.,? while Faraday cup (FC), and a fixed photon detector
another distorted-wave claculation by Baluja (PD). The EG uses an indirectly heated triple-
and McDowell 5 does not agree with any of the oxide-coated cathode in a Pierce configuration.
data. The recent R-matrix calculation of Fon Conventional tube lenses focus the electron beam
et al.14 is in fair agreement with the small-angle onto the atomic beam and give an operating beam
data for X at 80 eV, and, although somewhat current of between 1 and 20 pA as a function of
lower than the large-angle data of Sutcliffe et al.," anode voltage at an electron energy of 80 eV.
it is substantially higher than the large-angle Minor misalignment of the beam can be compen-
results of Hollywood et al.8 sated by an electrostatic quadrupole lens. The

The only measurements of Ix I at 80 eV which energy distribution is 250 meV full width at half
extend to large values of 0, are those of Holly- maximum (FWHM), and the full angular spread
wood et al.8 The R-matrix calculations of Fon of the beam is 2.8o (1.20 FWHM). The FC col-
et al." and the distorted-wave calculations of lects the unscattered electron beam and is
Scott and McDowell,' 0 and Baluja and McDowell 5  mounted so that when electron scattering angles
are the only calculations thus far that give results of less than 25' are studied, it is displaced by
which resemble the measurements. However, the EEA. A spring lever returns the FC to its
none of these calculations is in very good agree- stable position when the EEA is returned to
ment with each other or the measurements of Ix I angles greater than 25'.
over the complete angular range. The EEA may be varied in angular position

between -5* and 150'. Its angular position is
IL. APPARATUIS determined by a Vernier scale visible through

a window in the vacuum wall. Electrons scat-

The experimental apparatus is shown schemati- tered at a part icular angle enter an acceptance
......... 7.... ............ .ion region is formed cone of solid angle 7.2 x 10' 4 sr as sen from the

by crossed electron and atomic beams. Delayed scattering center and are decelerated and focused
coincidences are detected in the scattering plane onto tic entrance slit of the radial electrostatic

SIART ____

T C,
SFO C _DIS-CD (L /SQ_

TRUE rL FIG. 1. 1khernatic dilagramn
rrSTARTS f-nh thecatterint

MC CRTR JFA I ITA eere eindclatothe
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day cup; Pl), phuton detector;
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field of the EEA. The EEA resolution is 300 meV are collected in solid angles f2, and Qe, respec-

FWHM and the transmission profile due to the tively, and the corresponding pulses are ampli-

combined energy distribution of the incident beam fied and fed into a time-to-amplitude converter
and the EEA resolution is 400 meV FWHM. This
is sufficient to separate 2 'P from all states $

except 2 3 P, which is a negligible component.
The energy-selected electrons are collected by . (2'P 2'P)
a Galileo-type 4039 channel electron multiplier
(CEM).

The 58.4-nm photons from the 2 IP - 1 IS transi-
tion are detected in the scattering plane with an
identical CEM in the photon detector (PD). The
PD is fixed and the photon emission angle may
be varied between 50* and 1450 by rotating the z
electron gun. Its angular position is determinedo
by a second Vernier scale visible through another t 4

z
window in the vacuum wall. Photons emitted at 0
a particular angle enter an acceptance cone of
solid angle 2.4Xl0"- sr as seen from the scatter- "i
ing center. Three grids are mounted in front of
the CEM. Two are biased to prevent the arrival
of.both positive and negative charged particles 2 S
at the CEM and the third is grounded to prevent \ ,
electric field penetration into the scattering re- 25S

gion.tk
A well-collimated atomic beam Is produced by 19.34 20.14 20.94 21.74 22.54

effusing helium through a single capillary tube
25 mm long and 0.5 mm in diameter. To further ENERGY LOSS (e4)
reduce the wings of the atomic beam, a skimmer

i -t- o, iQ nllan , 1 mm from the out- . ."

let of the tube and is differentially pumped. For
this work, the background system pressure was
4.0 x 10" Torr, and the pressure in the beam has 2 S
been estimated to be 4.0X 10" Torr with a beam
width of 0.5 mm. a

The EG, EEA, PD, etc. are all shielded by wI.-
grounded oxygen-free high-conductivity copper
(OFIIC). The experiment is contained within a
Molypermalloy magnetic shield. The maximum .(2P 2'P)
field strength in the interaction region was < 8 )12S
mG measured with a Rawson-Lush rotating coil z
Gauss meter. The magnetic shield is contained Q

within a stainless-steel vacuum chamber and the 0
experiment is bakable to 200'C, and attains a LJ

base pressure of < 1 x 0-8 Torr. 23S

Ill. DATA ACQUISITION

The EG is rotated with respect ot the PD to the
desired value of 0,. The position of 0.= 0 is then
determined by turning the EEA through the elec- 1938-20'18 20.98 -2-;h.' -
tron beam, and the angular width of the electron
beam is checked. The measured FWHM of the ENERGY LOSS (eV)
beam is consistently found to be 1.20. The EEA FIG. 2. Helium cnergy-hIss qvctra at So eV at alec-
is then rotated with respect to the EG to the tron scatitering angles (a) fle= 10 , (1) Oem 9(. The total
desired value of 9, and an energy-loss spectrum energy resolhtion is 0.40 eV FWIIM. The 2 '1 staLe ib
Is obtained (see Fig. 2). Photons and electrons not rcs.lved.
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(TAC). The inelastically scattered electrons re- N= (1)
quire about 130 ns to travel to the CEM and these C

electron pulses are used to start the TAC. Pulses 02

from the photon channel are passed through a (N + a
2 

+ i'u), (2)
250-as cable delay and are used to stop the TAC. at
Electrons and photons from the same scattering where N, is the number of counts in the ith chan-
event arrive with a definite time correlation. nel, IN, is the counting uncertainty of Ni, o, is
These true coincidences are made to fall into a the variance of intercept, and a' is the variance
group of about 20 channels of a 1024-channel of slope. The coincidence rate is N'8 =VC/T
multichannel analyzer (MCA) [0.90 ns/channel] where T is the collection time. The accidental
corresponding to a range of delays t. The rate per channel i is N =yj/T. An example of Z.,
width At is mainly determined by the time reso- a coincidence spectrum and the least-squares fit
lution of the apparatus since the lifetime of the to the background is shown in Fig. 3.
excited state is only 0.58 ns. Accidental coinci- I
dences occur when the TAC is started and stopped
by electrons and photons from different scattering IV. DATA ANALYSIS AND STATISTICS
events or by noise counts. This background is The expression relating the rate of coincidences
determined by fitting a straight line y, =a +bi, to the parameters x and X as given by Golden and
where i is the channel number, to the background Steph is
counts, excluding the 30 channels centered on the , 3 1_
coincidence peak."8 The number of true coinci- ,6 r e

dences and its variance are then determined by where I, is the incident electron beam current, e
is the electron charge, c, and c, are the efficien-

S-..ces of the electron and photon detectors, respec-
tively, and
f( X, X 8) =X sin 20 + (I _ X) coS20, i

- [x(1 -
/)j' cosx sin20, (4)

i thp anmilar enrrplatinn ftnetinn, a nd

J, (6, 6,) f p(z)Anjz, ee)A,z, , O,)dz, (5)
fC

where we have taken I to be along the z axis.
p(z) is the density of target atoms, ao, and At,

- are the solid angles subtended by the electron
. . . - ..and photon detectors, respectively, as a function

of the position of a scattering event along the z
axis, and 1, is the interaction length viewed
mutually by the two detectors. Provided that C,
does not have a significant variation during the
measurement, the effect of variations in the

electron beam intensity, atomic density, and
electron detector efficiency can be eliminated by

125 200 normalizing the number of real coincidences NV

0HW1L 1MR collected in a time T to the number of electron

FIG. :i. Delayed coincidence spectrum for an electron pulses N, that started the TAC in this same time
energy of 80 eV, ,= 5, e',. 9o. The TAC was started T,
on electrons and stoppud on photons. Accumulation time-11 h, channel width 0.9 nsec, Inelastic electron rate = T [(l/e). ( 0+ '7  ,(e) + (6)
-9.5 kIlz, photon rate -4.2 kliz, electron-beam current where a' is the cross section for the production
-1.1 pA, background pressure 3.5 xl0-7 Torr. The linear of electron counts in the window of the energy "V
least-squares fit to the background has a slope1 of -0.021 analyzer due to states other than 2 'P, h, is the
counts per channel, and the intercept is 1741.4 counts.
The number of coincidences is 240n .t 2 0, the total count rate due to electronic noise, and
number of electrons detectd is 3.76 X 10, and the num-
ber of true stqrts Is 3.5 1 ,v 0. The dead time of the J(Oe) f p(;). fl,(z, O )d . (7)
Ortee 457 TAC was - 6.5 wsee.

r L
V:.
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where 1. is the interaction length viewed by the !V) 1100, OAr) (10)
electron detector. In performing the experiment, A -d(Oev,) q(0,-)

the discriminator in the electron channel is ad-justed so that A,€ is zero. The normalized num- Teuigx--I-t/Xadz:cs sprm
ued o thatdnce is e thenoralieters, we use the method of least squares and

ber of coincidences is then derive analytic expressions for the optimum

IV(t _ 3 e '-' 1 ) (8) values of X and Ix Iand their standard deviations
N(, I+r7o;- + j',(VA) J ,X, in terms of the data and their standard devia-

Since the analysis is done at fixed O., assuming tions.

that F. is constant, we may collect all quantities V, DISCSSION OF SYSTEMATIC ERROR
which only vary with 0, into one term A(O,) and
write In order to insure that the results are free

from any systematic effects, various possible
)=A(6,(0,, 0,)f(X, X, 8,). (9) sources of systematic error have been considered.

The calculation of the integral given by Eq. (5)
The integral J, may be evaluated analytically as accounts for contributions to N, due to scattering
shown in Sutcliffe et al The values of J,(O,, 0,) from both beam and background helium. As can
obtained in the present case are shown in Fig. 4. bu seen in Fig. 4, J,(O, 0,) has no significant
To insure that c, was constant during runs at a variation for 200< 0,< 160., This is mainly due
fixed 6,, the photon count rate was measured to the use of two 1.33-mun apertures which are
several times during the run for each value of 0,. separated by 1 cm and form the grounded snout
The variation of c, for a given 0. was always less of the EEA. Measurements of the electron beam
than 1%. profile with the EEA lens elements grounded

If angular correlation data at fixed 0, for vari- gave virtually the same shape as measurements
ous values of 0, are normalized to data obtained with the EEA lens elements at thier operating
at 0, k-,r, A(Oe) in Eq. (9) does not need to be potentials. This shows that the EEA acceptance
determined. Thus, profile is determined solely by geometry. Thus
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the snout places geometrical limits on the length less than N , or N, may increase. This leads t
I,. In addition, the angular divergence of elec- to an additional uncertainty in the ratio Xe/Xe
trins entering the focusing electrodes is limited that is difficult to estimate.
to 3' . This alleviates problems with background We have also analyzed the data by dividing N,
counts at small electron scattering angles, where by the number of accidentals in the peak channel
elastic scattering is large, and at large electron of the coincidence spectrum, N. The pertinent
scattering angles, where N, is small ( 20 counts! equations for this analysis may be found in Sut- I
sec) and can be seriously affected by spurious cliffe Ct at'd This procedure results in larger
electrons. uncertainties in the parameters because . must

When the TAC is started by electrons, it is be determined by fitting the background, and the
important to note that the detector efficiency 4E angular distribution of photons nmust be measured
includes both the efficiency of the CEM and the and used in the fit. However, for all angles
probability that an electron pulse will start the studied, the optimum values of A and Ix are
TAC. Thus an electron which is detected but virtually the same regardless of which of these
fails to start the TAC is no different from an two normalization procedures is used. Since
electron which strikes the CEM but fails to pro- normalizing by X. removes the dependence on E,
duce a pulse; neither can produce a coincidence, this demonstrates the absence of significant
Since this dead-time correction is necessarily instability or drift in the photon detector; and in-
count-rate dependent, it varies with both 0 e and dicates that the effect of dead time on true stops
0, This problem is completely eliminated by is negligible in this work. For" most of the data
normalizing the data to N, where N. represents runs, an additional TAC and MCA were used to
only those electrons which actually start the TAC, obtain a coincidence spectrum starting on photons
during the collection time T. and stopping on electrons. While the number of |

The normalized number of coincidences given by coincidences obtained in this configuration is not
Eq. (8) is proportional to (1 + u'/c)". The ratio a different measurement of N and cannot be used
a'a can become quite large for large values of 9 . to lower the counting error," it served as a con-
This can be seen in the energy-loss spectrum for sistency check on the electronics. In all cases,
O -- 90' presented in Fig. 2(b). For a given value the ratio Ne/N was independent of the TAC con-
of e6, the ratio ae/ is a minimum when the pass figuration. However, the raw number of coinci-
energy of the electron energy analyzer is centered dences N, differed considerably depending upon

ensure that u'/a whether electrons or photon started the TAC.
was a minimum, an energy-loss spectrum was Since a quadrupole steering lens is included in
taken prior to each data run to establish the the EG to correct minor misalignments, it is
position of the 2 'P peak. To ensure that r'/c possible to move the electron beam without a
was constant during a data run, the relevant significant change in the current to the FC.
potentials were monitored and another energy- Such minor adjustments in this steering lens
loss spectrum was taken at the completion of did not change R. or R. To eliminate any un-
each run to ensure that there was on change in certainty in the angular position of the EEA, the
the position of the 2 2P peak. position of the beam is checked prior to each

When the coincidence data are normalized to individual point by turning the EEA through the
the number of electrons, it is prudent to ensure electron beam to determine 0,=0. This is par-
that the energy resolution is sufficient to resolve ticularly important for values of 0. where A is a
the 2 'P peak clearly. The potentials of all rapidly varying function of 0,. In addition, since'
power supplies are subject to some drift and in- the FC is displaced during runs at e,< 25', the
stabilities, and several power supplies are uncollected beam can scatter through the appara-
involved in maintaining an electron energy analy- tus and cause additional 2P excitations. This
zer at the proper pass energy. Instability or effect can be seen in the present work as an in-
drift away from this setting decreases the num- crease in the photon count rate of - 2'_ for 6e
ber of true coincidences detected. If the 2 'P < 25'. Because the ratio f,/fl,- 33.3, we would
state is clearly resolved, then the number of de- expect this effect on the electron count rate to be
tected electrons will similarly decrease so that much smaller, and the effect on the coincidence
the ratio Ne/N. is virtually unaffected by power- rate to be smaller still.
supply instability. However, if the energy reso- Uncertainty in the value of e. is particularly
lution is so broad that the 2 P state is not re- important in any anglar-correlation experiment,
solved, then instabilities in the analyzer pass since it would alter the phase of the sinusoid
energy lead to changes in N. that are unrelated described by Eq. (4). In this experiment, the
to the changes in Ne. N' may decrea;e more or coincidence rate at l, 90' is used to normalize

,
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the data at other values of b, to enable an analytic this experiment, we studied the background pres-
determination of A and ixI. The position of 0, sure dependence of the photon detection rate at
=-90' was established to -± V by measuring the 0, - 90', and the results are shown in Fig. 5. The H

distribution of photons in a plane. This distribu- linearity and the zero intercept of the results
tion has the form indicate that resonant trapping is not present at

1(0,)=1(90-)(1 - P cos 2 0,), (11) a significant level and also shows that there are
no changed particles affecting the photon count

where 1(0,) is the intensity of photons emitted at rate.
an angle 0, with respect to the incident-beam One final systematic effect considered is the
direction, and P is the polarization fraction. The angular resolution imposed by the finite size of
position of the maximum of this distribution de- the detectors. In the absence of a known shape
termines 0, =90' in this experiment, for X(14) and X(Oe), it is difficult to determine the

The problem of resonant trapping has been effect of the angular resolution of the EEA, AO..
considered in some detail by bofh Eminyan el al.3  For this work AO. was restricted to a flat re- 1.
and Hollywood et al.' These authors show that sponse of ± Y, and therefore any significant
resonance trapping at 0,, z 16' has a negligible effect would require an extremely sharp maxi-
effect on X but increases the value of l as mum or mininmum in X(u,) or x(O,). Thus no

pressure increases. As pointed out in Golden effect was attributed to at?. Since the shape of
and Steph, when Ix is small (< 0.5 rad), the f(, x, O) is known, the effect of the angular reso-
amplitude of the angular correlation function lution of the PD A6, is readily calculated."3 The
f(A, X, 0,) is solely determined by l and its effect of a finite angular resolution on a measure-
phase by A. This implies that the effect of reso- ment of a sinusoidal function such as f(,, X, 0,)
nance trapping is to add a uniform background to is to decrease its amplitude. This change in
f(,X,X, 0,) which results in a decrease in its am- amplitude is a function only of the shape of the
plitude. Since this uniform background is inde- angular resolution, and the fractional decrease
pendent of 0. then its effect at larger values of 0 e is independent of amplitude. Therefore, if the
would be to decrease both X and l.X I. To insure shape of the angular resolution is known, the
that resonant trapping would not be a problem in data can be corrected in the following way. De-

20

b

H_, 4
o 20
C)

C O)

--

. 0...4 T.e r.t 1 .2 

BACKGROUNP PRESSURE (,utor r)
rIG.. ;, The presmirv depenth-nee o[ the photon comnt rate for two vahips of t,. The em v\'.s ire, lineatr up to) a back-

grouri irvssure of I ptorr.

C
- -... ~-.



766 N. C. STEPI AND 1). E. GOLDEN 21

termine the fractional change in amplitude AA of though we need to measure 0,) at only
sine wave by folding it with the known angular three values of 0,, the data accumulation time
resolution function of the detector. Find the can become prohibitively long at large values of
best fit of the uncorrected data f(0y), and from 0,. A total of 28 days was required to accumu-
this fit determine the inflection angle 011f(0,) late the data used to obtain the angular-correla-
=0.51. The correction for any pointf'"'o(8) tion function at 0-, -100'. In order to reduce the
Is then uncertainties in X and )XI by a factor of 2, it

f ... (orr) = (O') + AA Wedf (0r- )]  (12) would be necessary to increase the data-accumu-
"( [ ( lation time or the product P,,!2, by a factor of 4.

Assuming that the detection efficiency is constant Increasing the product fQ,11 carries with it an
across the face of the photon detector, it has a angular averaging problem, and increasing the
flat angular response of ±5. This implies that data-accumulation time is not practical.
-A ::0.006, and, since the maximum possible The measured variation of X with 6e is pre-
amplitude of f(t, X, 9,) is 0.5, the maximum sented in Fig. 7(a) for the range 5' o- 0, -<. 50'

possible correction is 0.003. This is only sig- and in Fig. 7(b) for the range 60° -70,< 155',
nificant for points near 0,,, the minimum of together with the results of previous measure-
f(X,X, 0,), and then only for 06< 20*. The effect ments. The measured variation of IXI with Oe is
of small changes in amplitude on lxI is detailed shown in Fig. 8, together with the results from
in Ref. 2. previous measurements and calculations. The

present results for IxI agree with all previous
VI. RESULTS AND DISCUSSION measurements in their common angular ranges.

The present experimnental results are summar- The present results for X agree with all previous
measurements for values of 0, , 70' . Our value ofized in Table 1, wvhere values of X,~ JxJ, and 0 ., tB 9'ar

are presented for various values of 0,. The X at 0,=90' agrees with the result of Sutcliffe

angular-correlation function measured in this el al.,' but our values of X for 0. = 80', 9 ) ', and
work for 0,= 10' is shown in Fig. 6. Since the 100' are about 20-40% larger than the corre-

use of Eq. (10) allows an analytic solution for the sponding values obtained by Hollywood ct at.,i
who state that their angular correlation dataparameters X and I ,it is only necessary to

.. . -,- , 1", - , 0 , ) a t tw o o th e r 'u0e

v s ° and stopping with electrons, and that the valuesvalues of 0,. When the 0.= 10' data are analyzed
ofn all When thI1 data arents analyzinhed of N, obtained were normalized by dividing byusing all 11 data points shown in Fig. 6, the

the total number of electrons detected during the
results obtained are X = 0.488 ± 0.016 and I x! accumulation time. As we have discussed in Sec.
=0.371 ±0.038. When the data are analyzed V, values of N obtained using photon startsusing only the three points 0, = 52.5 °, 90' , and V auso € otie sn htnsat

should be normalized to the number of accidentals
135, the results are X =0.4850.018 and I X to eliminate TAC dead-time effects on the value
=0.376 ±0.059. Thus the results are not signifi- of N . We have measured coincidence spectra
cantly different. However, when only three
points are used, there is an increase in the uncer- at 0. - 20' and 90' using photon starts. When we

tainty which is accompanied by a significant re- analyzed the 20' data using the technique dis-
nthe data-accumulation time. Even cussed by Hollywood ct al., we obtained a value

for X of 0.285 and a value for IxI of 0.578. When
we analyzed the data at ,= 90', we obtained a

TABLE I. Values of the parameters derived from the value for X of 0.760 and a value for IlX of 1.996.
measured angular correlations as a function of the elec- The values of k and IxI obtained at 0., 10* are
tron scattering angle 0,, for an Incident energy of -0 eV. 4 % less and 1.6% greater than those obtained
Uncertainties quoted represent one standard de,aton. using our method. At 0, = 90', the value of I Xi

0,, (deg) A Jxi (rad) fi,. (deg) is unchanged, while the value of A is 14 .6 /- less
than that obtained using our method. Thus the

5 0.766 ± 0.020 0.231 10.220 28.57 : 1.71 major effect of the analysis discussed by Holly-
10 0.4881 0.015 0.370 1.0.038 45.71 t 0.94 wood c al.' is to obtain too small a value of k
20 0.297 1 0.014 0.568 10.054 5R.SG 1.0S at large values of 9,, where the photon count
30 0.444 0.023 1.182 t 0.053 53.27 t 3.34 rate is large compared to the electron count rate.
50 0.919 0.054 1.99.1 0.1.16 -7.47,3.R; Since this effect is count-rate dependent, it is
60 0.903 0.074 2.424 A 0.416 -1..5 17.70 difficult to estimate how much te values of X
8O 0.861 t 0.102 2.570 - 0.402 -19.44 deu.02
90 0.871 0.103 2. 0 01 t0. 23 -10..13 7.70 obtained at large values of 0, by Hollywood et ad.

100 0.838 O. 103 1.842 '0.175 -8.If t6.64 would be depressed by this normalization proce-
dure. However, because the background helium
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is a negilgUite &VL , ,,,.8. of Hollywood el recent paper by Madison"' details the resuits of
at.," we would expect th'it , had a larger varia- Madison and Calhoun" and includes a calculation
tion with 0, than in our experiment and therefore of X which is shown in Fig. 8. While this calcu-
this count-rate-dependent effect would be larger lation gives values of jI somewhat large than
in their apparatus than in ours. Our analysis the measurements in the range of 0, from 15' to
leads to the conclusion that, for a large ratio of 30', it is in excellent agreement with all of the

y/NVe, the method of analysis discussed by Hlolly- experimental results at all other angles.
wood (4 (l. yields an angular correlation function Finally, in Fig. 10 we present the values of 0,
with too small an amplitude and an altered phase. the position of the minimum in the angular corre-

It should also be noted that the energy resolu- lation functionf(X, x, 0,) as a function of 7. Since
tion of the apparatus of Hollywood ct at. was 900 this function depends upon the values of both X and
meV. Thus they were unable to resolve the VP lxi, it gives a much clearer picture of the agree-
peak at large values of 0,. This could have in- ment between various theories and the experiment-
creased the uncertainty of their results, as dis- al results. All of the experimental data are in
cussed in Sec. V. agreement wit the exception of the points at 90*

The present results for X are compared with and 1000. The R-matrix calculation of Fon ct at."4

the results of several calculations in Fig. 9. All agrees reasonably with the present results at all
of the present data points are in agreement within angles. The distorted-wave calculation of Madi-
one standard deviation with the calculation of son" is in even better agreement with the present
Madison and Calhoun." It should be noted that results. The deep minimum seen by Hollywood
the most recent R-matrix calculation of Fon cl ei fl.' at about 95' is not predicted by either of
at." agrees fairly well with the present large- the calculations.
angle data, and the only serious disagreement
is at the minimum (0, 20'). In contrast, their ACKNOWI.EIAIGENTS

results for IXI agree remarkably well with all This work was supported in part by the NSF and
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agree with all of the dat at larger angles. A search. .
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Alignment and orientation in the electron-impact excitation of the 2 YP state of He from 40 to
500 eV

N. C. Stepli and D. E. Golder
Department of Physics and A4stronomy. fln iversily of Oklahoma. Norman, Oklahoima 73019

(Recejied 14 November 1979)

Election-photon angulatr correlationis between electrons which ha'e excited ihe 2VP state of lHe and
photons from the 2 P -I 'S transition have been studied for 100-. 20L-. ,..nd W0-CV incident electrons. J
Values of A and W obtained from these measurements are compared to value% which hase been obtained
in other experiments and cakulation. The results are in good agreement with the recent distofled-wave
calculation of Madison. The values of X and W from all experiments have been combined to examine
the behavior of the Fano-Macek alignment and orientation parameters for electron energie% from 40 to 500
CV.

1. IN rRODUCTION of various effects, such as exchange, in the scatter-
ing process provided the calculation predicts the

Electron-photon angular correlation measure- correct values of A, j 'and a. Thus it is im-
nients were first reported by Eminyan el al. in por tant to obtain accurate values of these quanti-
1973.' These measurements covered the energy ties.
range from 40 to 200 eV, but the range of elec- For an excitation at a given E and 0., the angu-
tron scattering angles 0, was restricted to 0. >15* lar distribution of deexciting radiation in the scat-
at all energies, and to 0. -s25* for energies >80 eV. tering plane is given in terms of A and X as 1
The only other measurements for energies above fAIXI,07) = X sin2o, + (1 _ A) cos 20,
80 eV were those of Ugbabe r/ (11.2 at 120 eV for
values of 0, of 10* and 16%. A summary of the -(1-X)]j' 2cosX sin2b'7 , (4)
other measurements for energies - 80 eV may be wtr ~i h nl fpoo msin l
found in Stepis and Golden.3

The esuts o suh amiarcore1~ton ei-though the 2 'P- I tS photons result f ront an elec-
in tems o the tric dipole transition, studying electron-photonk Apiessed itemofhe angular correlations leads to a. knowledge of theq4

parameters A and I XI which describe the excited elcrcqaupeanmaetcdpedirb-
state. For excitation of the 2 1P state from theelcrcqaupeanmgetcdoe irb-

I 'Sgrond tat, th exite-stte wve uncion tions for the excited state. The excited-state
1s grond sttteecie-ttyvafnto population has been described by Fano and Macek'

is gien byin terms of an orientati,,a vector 6 and an align-

4(2tP) = ao110) +al 1) + a-1 -1() ment tensor A in order to separate the geotnetri-
cal and dynarhical effects. For 1 'S-2 1P excita-where the complex excitation amplitudes aML des- to nieimb lcrnipc,0hsoenn

cribe the excitation of the different magnetic sub- vanishing component which is proportional to the
levels. Since the scattering process has mirror aeaevleo h e nua oetmo h
symmetry in the scattering plane, al = -a-,, and aeragte vtalue ofd the neet armntu of the
the total differential cross section is given by ectdsaeadi eae oAadxb

The paraee xII h bouevleo h The alignment tensor has three nonvanishing corn-

phase difference between the complex scattering pnns

amplitudes al, and al and AS*' = (IL! - L ),tILtL I- 1)] ( - 3),)/2,
A'kIaO'/u . (3) At"'= (L,L, + LL,)/[L(L L+1)]

The dlimensionsless parameters X and Ixl are 4\0A( -. , ) 1 , c(3s (6)
functions of the electron energy F and the electron Ac0 L !ILL+ I] (x - 1)/2.
scatterinig angle 0,. They describe the excited state itL ~)(( )
of the atom after undergoing a collision and (together It should be noted that Ol-' and A' are not inde-
willie) provide acomplete determination of theexci- pendent and that Aoc' and As2.*' are not independent.
tation ampitudes. The approximations used inacal- The third independent parameter in this formula-
culatlon can give insight into the relative importance tion is the nmonopole moment, which is propor-

21 18411 (c) 19801 The Amierican l'hy',cal linciety
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tional to U. predictions fur A and X are in very poor agree-
It has been shown by Blum and Kleinpoppen5 that ment. The value of 0,, may be expressed in

the induced magnetic moment of the excited atom terms of ; and X as
is determined by the orientation vector and that twt20,% 2[X(1 - A)I cos)/(2 ) . (9)
the electric quadrupole tensor is proportional to " -
the alignment tensor, while all higher multipoles So it is clear that if the FBA correctly predicts

vanish. The orientation vector is directly given 0 .,, when X is not zero, then its prediction of A

by the transfer of angular momentum to the atom, must be incorrect.
and its behavior as E and O, are varied can give Another fairly simple approximation which in
physical insight into the scattering process. The general has a broader range of applicability than
alignment tensor specifies the distribution of the the FDA, is the Glauber approximation. (The

electronic charge in the atom and this, in turn, Glauber approximation satisfies the optical
specifies the anisotropy of the emitted radiation, theorem in contrast to the FBA in which the scat-
Therefore Eq. (4) may be rewritten as tering amplitudes are purely real.) However, it

_ was pointed out by Eminya al.' that the Glauber
f(A,X,0,) = 1 + 1Ao '(3 cos2O, - 1) approximation, despite some success in predict-

- Al. sin297 + A2. sin6,. (7) ing differential cross sections, predicts that A and
X are both independent of E and 0.. Therefore i

Equation (7) may be rewritten in terms of the ae bt ien of ead thereforewe must turn to more elaborate theoretical cal-
associated Legendre function, P'(cosO,), culatlons.2~ cotlations. [

f(A,x,O,) 4 (1 + A0OPO(cos,) - At. P(cosO.) The various theoretical calculations prior to
19786'^1 have been reviewed by Bransden and

+ ©Mo| A. P2(cos0,)] . (8) McDowell." A meaningful comparison of the
The first term in Eq. (8) represents the monopole various calculations is difficult because they
contribution to the radiation distribution. The differ In the nature of the approximations and
remaining terms represent contributions to the tad- within a given approximation they may differ in
iationdistributionfrom linear quadrupoles in the the choice of atomic potentials and wave functions.
scattering plane along the z axis, at 45 to the z axis, For example, the recent distorted-wave calcula-
!,!,Atanetntbh.o ,vie .,"-"etively. Thenonvanish- Lion oi iiaiujA Aid Mictuwti gives very diiiee tln
ing components of A are coefficients which deter- results than the distorted-wave calculation of
mine the Intensity of radiation with a given angular Madison." The only significant difference be-
distribution. tween these two calculations is the choice of

The simplest theory which makes clear predic- atomic wave functions. Daluja and McLuwell
tions of X and X is the first Born approximation used a simple analytic form while Madison used
(FBA). The results of the FDA depend only on the numerical Hartree-Fock orbitals. If these two
kinematics of the collision. Accordingly, no calculations had used the same wave functions,
angular momentum may be transferred to the they would in principle have given the same re-
atom along the direction of linear-momentum suits.
transfer K. Thus, along the K axis there is a The only calculation in reasonable agreement
MIL = 0 selection rule. This implies that there with all of the results of Eminyan ct al.' for E

will be no radiation emitted along the direction of - 100 eV, is the distorted-wave calculation of
K. This means that X = 0 independent of E and Madison.' s However, this calculation gives values
0,. The FDApredictsthat X= cos20, where 0, isthe of Ixi about 201 larger than those measured by
angle between R and the incident electron bea m. Be- Eminyan el at.' The distorted-wave calculation
cause of the nature of this approximation, one of Bransden a-d Winters' using the second-order
might at first expect this prediction to be valid potential method gives the best agreement for I x
for small scattering angles and high energies, but it is in very poor agreement with the results
However, while the FBA prediction for A is in for X. It should be noted that the calculation of
reasonable agreement with the results of Emin- Bransden and Winters$ neglects final-state distor-
yan et al.' at 50 eV, the agreement becomes tion which should be an important consideration.
worse as the energy increases. The FBA places In a recent publication, Steph and Golden3 have
emphasis on the role played by the direction of reported electron-photon angular correlation
linear-momentum transfer iR. The angle Q,, in me.asurements in electron-helium collisions for
the FBA corresponds to the angle where the angu- 2 111 excitation at an incident electron energy of
lar distribution of radiation is a minimum, 0,,,. 80 eV. In this paper we present further angular
This prediction is In much better agreement with correlation measurements for 2 1IP excitation of
the data of Eminyan el at.,' even where the FBA helium at electron energies of 100, 200, and 500
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eV. In addition, we have combined the data of tector are used to stop the TAC. The output of

Sutcliffe el al.1 4 with that of Steph and Golden 3 to the TAC is fed into a multichannel analyzer op-
give results for the full angular range from 5* to erated in the pulse-height analysis mode in order
1000 and 155* at 80 eV. And finally, we combine to generate the time spectrum of coincidence
all of the present results with the results of the events. Electrons and photons from the same
other experiments1' 2 at all energies to examine scattering event arrive with a defirite time cor-
the behavior of the Fano-Macek 4 alignment and relation. When counted for a time T these true
orientation parameters as a function of energy, coincidences form a peak on.a background of

accidental coincidences due to electrons and
i. THE EXPERIMENT photons from different scattering events. For

fixed values of 0, and E, the number of true coin-
The teor y ofe e an guas sine cidences N, will vary with 07 according to Eq. (4).tions first given by Macek and Jaecks'5 has since Maueet fN tsvrlvle f9 r

Measurements of N, at several values of 0, are i ,
been fully discussed by several authors.' 1' The analyzed using the method of least squares to ex-
experimental apparatus and procedures used in tract optimum values of A and I x This proce-
the present work are identical to those described dure is discussed inSteph andGolden3 and in-[
by Steph and Golden3 and will only be briefly dis- voles s e in hich m in

cussed here. The experimental geometry is X2 analytically. This solution yields the optimum
shown in Fig. 1. The electron beam is incident values of A and Lxi and enables the development
along the z axis and intersects the atomic beam of analytic expressions for the statistical uncer-
which is incident along the y axis. (This choice tainties in X and I. Prior to analysis, the data
of axes is referred to as the collision frame.) must be corrected for the systematic effects of
The scattered electrons are energy analyzed by the finite solid angle of the photon detector and
a hemispherical electron-energy analyzer which for scattering from the background helium. In
is tuned to pass electrons which have lost 21.22 addition, one must ensure that resonant trapping
eV. A channel electron multiplier is used to de- of the photons is not significant. These points
tect the transmitted electrons. The overall reso- have been fully discussed in Steph and Golden.3

lution of the system is independent of the incident
* electron energv and is 0.40 eV. The xz plane is3energy is increased from 80 eV. In addition, a de- .
the scattering plane. The electron detector may ees increasI n addeon, ,atde-

bertte nth age-0-C0 5 5%Th h- creases sharply for increasing values of 0, at all :
be rotated in the range -5" 0. < 150'. The pho- values of E. The decreasing rate of scattered elec-
tons emitted by the excited helium atoms are de-
tected by a suitably housed channel electron multi- counting times. When the scattered electron rate'
plier whose axis is also in the scattering plane. fallsto-2 see', the rateofaccidentalcoincidences
The angular position of the photon detector 0, may falls to -0.2 sec "' and the rate of true coincidences
be varied in the range 500 _< 0, - 145% A Faraday is less than 1% of the accidental rate. Thus,
cup Is provided to collect the unscattered elec-tronbeam Th eletro-bea curentis tpi- coincidences must be counted for as long as one

week at each value of 0, in order to reduce statis-
cally 1 MA and the background pressure with the tical uncertainty to an acceptable level. In this
target-gas beam on Is -3 X 10 "7 Torr. The pres-
sure in the helium beam has been estimated to be we0, where the scattered electron rate was <!20 sec " .*- '310O' Torr.

The pulses from the electron detector are used
to start a time-to-amplitude converter (TAC), Ill. RESULTS
and suitably delayed pulses from the photon de- The present experimental results are tabulated

In Table I where the values of x and xI and their

uncertainties are listed as a function of energy
and electron scattering angle. We also list the

.-hoto', values of 0., calculated from Eq. (8) and the re-
/0 suits of the FBA and the distorted-wave calcula-

//" --.oj*'0 / tion of Madison" (MDW) for ), 'xl, and ,, The
//- . experimental values of A at 80 eV were obtained by

combining the results obtained in the present ap-

- "y by Sutcliffe el al.14 In an earlier version of the

FIG. 1. The geometry of the experiment in the colli- apparatus. The values of Sutcliffe cl a1."4 were
slon frame. normalized to the 10 result of the calculation of

- , " 4.

I* C. ., '

- - - -- -
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TABLE 1. Experimental results and comparison with theory. (The distorted-wave calculations of Madison is denoted
by MDW and the first Born approximation is denoted by FBA.)

A X (rad) O,,s (deg)
Theory Theory b Theory

Energy (eV) 0, (deg) Expt. a MDW FBA Expt. MDW Expt. MDW FBA 4

80e 5 0.749 L 0.015 0.761 0.79 0.231 + 0.220 0.259 29.7 1.0 28.8 27.3 4
10 0.488 * 0.015 0.470 0.52 0.370 * 0.038 0.425 44.3± 1.0 43.1 43.9
20 0.305 t 0.012 0.306 0.31 0.568 1 0.054 0.905 58.3 ± 1.0 62.1 56.2
30 0.445 - 0.023 0.413 0.27 1.182 ± 0.053 1.304 53.1 1.5 61.9 58.7
40 0.642 * 0.060 0.651 0.28 (1 .6 0 ) d 1.527 -2.8 t 15.0 3.9 58.1
50 0.913 * 0.048 0.860 0.32 1.994 * 0.146 1.666 -7.8 k 3.2 -2.6 55.6
60 0.950 * 0.062 0.965 0.37 2.424 * 0.416 1.948 -10.0 = 6.6 -4.1 52.5
70 0.927 k 0.140 0.990 0.44 (3.0)' 3.075. -15.5± 12.3 -5.7 48.4
80 0.861 - 0.120 0.968 0.50 2.570 * 0.402 2.260 -19.4 = 7.2 -6.7 45.0
90 0.894 * 0.079 0.925 0.58 2.001 * 0.243 1.944 -9.0 a 5.5 -6.4 40.4

100 0.838: ±0.108 0.885 0.65 1.842;± 0.175 1.738 -8.1 * 5.5 -3.9 36.3
155 0.920 * 0.150 0.962 0.96 1.082 5.5 11.5

100 5 0.67 * 0.03 0.660 0.69 0.25 * 0.18 0.243 34.8 * 1.0 35.4 33.8
10 0.36 *0.01 0.365 0.40 0.40 *0.04 0.456 53.8 * 1.0 53.7 50.8
16 0.28 * 0.01 0.267 0.27 0.52 ± 0.03 0.778 59.7 * 1.0 63.2 58.7
30 0.49 +0.03 0.447 0.21 1.40 *0.05 1.318 43.4 ± 2.7 56.5 62.7
40 0.76 ±0.05 0.736 0.24 1.70 ±0.12 1.455 -6.0 = 5.4 6.1 60.7

200 5 0.34 * 0.014 0.318 0.33 0.25 *0.07 0.260 54.6 ± 1.0 56.0 54.9
10 0.20 *0.010 0.161 0.15 0.43 ±0.06 0.601 64.8 ± 1.0 69.1 67.2
20 0.19 * 0.022 0.245 0.11 0.95 * 0.12 1.082 71.8 * 2.5 70.8 70.6
30 0.64 k 0.031 0.627 0.13 1.31 : 0.14 1.160 20.7 ± 7.5 28.3 68.9
40 0.95 *0.050 0.925 0.17 1.00 +0.20 0.760 7.3 * 4.2 12.1 65.7

500 5 0.19 *0.02 0.08 0.29 *0.20 64.8± 1.5 73.6
10 0.09 ± 0.01 0.04 0.58 * 0.17 74.9± 1.6 78.5
15 0.14 +0.02 0.05 0.70 k 0.20 71.8 1 2.5 77.8

aUncertainties quoted for A and x represent one standard deviation.
bThe FBA predicts x=0 for all E and ,.
'The experimental values of X and their uncertainties at 80 eV are the combined results of Rcfs. 3 and 14 as discussed

In the text.
"These values of x are Interpolated as discussed In the text.

Madison and Calhoun,9 ?L=0.479. We have re- tions.'"'"" At each enorgy we have measured one
normalized their values to the 10° result of Steph point in common with Eminyan et al.n and these
and Golden, X = 0.488. Although this renormali- results all agree within one standard deviation.
zation results in only -2% change in the values of The three DW calculations differ In their choice
A, it frees the data from dependence on a parti- of wave functions and potentials. The calculation
cular calculation. The two sets of data are corn- of Madison," which is the only DW calculation
bined by taking the average of their values that includes distortion of the final state, is in
weighted by their uncertainties. The values of god agreement with the present results for X.
I listed for 0, = 40 and 70" at 80 eV are based The agreement is also fairly good for Ix except

on a smooth interpolation of the results of Steph for the small range of angles from 15* to 25*
and G lden for I x I as a function of 0,. An addi- where the calculation of Madison 3 gives larger
tional criterion used was that the interpolated values of IxI at all energies. The calculation of
values of I XI combined with the measured values Bransden and Winters$ is in fairly good agreement
of X yielded values of O.,., Or'1 , and A0. ' which with the present results for Ix! but it is in very
were also consistent with the smooth interpola- poor agreement with the results for A. In con-
tion of the results of Steph and Golden3 for these trast, the results of Scott and McDowell"1 are in
quantities. Figure 2 shows the data for X and IlX fair agreement with the results for x, at least
for 100, 200, and 500 eV plotted as a function of at 200 eV, but they are in very poor agreement
0,. We have also plotted the previous results of with the results fur f. The results of these
Eminyan Ce al.1 at 100 and 200 eV along with the three calculations indicate that further refine-
results of three distorted-wave (DW) calcula- ment of the wave functions and potentials in the

- .. . .. . . .- - . S
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FIG. 2. The variation of X with electron scattering angle at different electron energies: (a) 100 eV, (b) 200 eV, and
(c) 500 cV. The variation of X I with electron scattering angle at different electron energies: d 10 e%,, je) 200 vV,
and (f) 500 eV. o. pr. ietL wvkI; C). results of Ref. 1; -, calculation of Ref. 13; --- , calculation of Ref. 8;- -,
calculation of Ref. 10; -G-, FBA.

distorted-wave theory should yield very good IV. DISCUSSION OF RESULTS AND CONCLUSIONS
agreement with experimental results. Ta

The FDA for A is in reasonable agreement with The behavior of A and x as a function of 0, and
the results for A, 9, 200, at 100 eV (see Table I) E has been discussed. These parameters may be
At 200 eV this agreement is only good for 9, 50. combined to form the alignment and orientationThe F A does not agree with any of the data for A parameters which can then be used to describe it

The DA oesnotagre wth ay o th daa fr A the multipole moments of the excited state. Sinceat 500 eV which can be seen in Fig. 2. Thus, asFBA is in increasingly these quantities are more closely related to thethe energy is increased, thestructure and anisotropy of the excited atom, we
will consider the behavior of 0 and A in some de-

This is in contrast to the FDA prediction for a --
which is in better agreement with experiment at tail.

The nonvanishing component of the orientationhigher energies. This fact, along with the predic-
tion that x is zero for all energies, is sufficient vector 0 ' is directly related to the dynamics ofto cnclue tht te FB is nadquat to es-the excitation process. Equation (5) shows that

cribe the excitation process in detail. However, lu is directly proportional to the expectation
it should be noted that the FBk prediction for 0 value of angular momentum transferred to the

is in good agreement with the data for 9, 20 for atom perpendicular to the scattering plane. In-E 200 eV, and is in good agreement with the deed, since L = 1, we may write

present results at 500 eV, at least for ,- 150.

Thus the importance that the FBA places on the (L,)=20' (10)
direction of linear-momentum transfer for the Further, we know that L, .lh so that the aver-
excitation process seems to be well founded for age (L,) varies between -I and +1. This re-
small scattering angles. It is clear however that fleets the fact that the atom is in a croherent mix-
the -. 11, :0 selection rule along the K axis is not ture of states and does not generally possess a de-
correct, finite .11, value. We may rewrite Eq. (1) as

,,.

V_ . _
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kt2'P)- Jao 1,+VTlaIe"XO., (11) positive impact parameter if it is to scatter from
the repulsive potential of the helium electrons and

where p$ = 110) and 4,-(1/42)(j 11) - 11 - 1)). Thus, reach a positive scattering angle. In order to
when X = 1 the atom is in the pure state d,,, and conserve angular momentum in this case, the
L, vanishes so that (L,) also vanishes. When atom must obtain negative angular momentum
)k = 0 the atom is in the pure state ., and L, may be which implies that Of"t is negative. Using thisSvith equal probability so that (L) again vanishes, semiclassical model, we may explain the behaviorThus, the nomvanishing values of O,.' may only occur of VjO1 as follows: When the electron is scattered

when the atom is in acoherent mixture of 0 and , ,and to 0=0", there can be no change in the angularthere is interference between the complex scat- momentum of the atom perpendicular to the scat-

tering amplitudes ao and at. The maximum value tering plane. Therefore 121 vanishes at 8 = 0%
of 01 !' is realized when Iao 2=1atI (i.e., X =0.5), As the scattering angle increases from 0', the
and X = v/2. When X = 0 or is an integral multi- amount of angular momentum transferred to the
pie of v, O !' vanishes. When the value of X passes atom perpendicular to the scattering plane, L,.
through 0 or +,r, the sign of 01!1 changes. The increases. Since the dominant scattering poten-
experiment only measures the principal value of tial for small angles is the long-range attractive
X. Thus, values of X reported are in the range potential due to atomic polarizability, L, is posi-
0 --<X 5v. However, theory suggests that X does tive. Thus, 01.!1 is positive and increases towards
pass through -ir at 80 and 100 eV, and through 0' its extremal value of 0.5. However, as the scat-
at 200 eV." 1 t2 ' t Restricting the discussion to tering angle continues to increase, the impact
80 eV, and considering only the theory of Madi- parameter decreases and scattering from the re-
son, 13 X is negative in the range 0* 6, -< 180' and pulsive potential of the helium electrons begins to
passes through -T at 0.- 70. Thus, 011 is posi- become significant. Since the sign of the angular-
tive for 0. 70* and negative for 0. >70. momentum transfer due to repulsive scattering is

In order to relate the behavior of O.*W to the opposite to that for attractive scattering, these
collision process we shall look at the collision processes compete and the value of 01*1 may or
semiclassically. When an electron is scattered may not reach the value of 0.5 before it decreases
to a given angle, 0., the scattering may take with 0,. Then at some value of e. where the coun-
either of the two principal paths shown in Fig. 3. tributions from the two types of scattering are
In Fig. 3(a), the electron approaches the He atom equal in magnL ude, 0' vanishes. As 0. increases
with a negative impact parameter and scatters from this angle, the repulsive scattering becomes
from the attractive polarizability potential to a dominant and 0" ' becomes negative and decreases
positive scattering angle. In order to conserve to another extremum. As 0, increases further,
angular momentum, the atom in Fig. 3(a) must ob- the transfer of angular momentum perpendicular
tain positive angular momentum perpendicular to the scattering plane again decreases until at
to the scattering plane; i.e., L, must lie along the 0. = 180, O °2 vanishes.
positive y axis. So, referring to Eq. (5), this The experimental results for 1 0"' 1 at 80 eV
implies that '.1 is positive for this collision. In are plotted in Fig. 4 along with the results of cal-
Fig. 3(b) the electron must be incident with a culations by Madison 3 and Fon et a!.16 The ex-

perimental results are generally in good agree-
2 ment with the semiclassical description given

above and with the calculation of Madison" for
(a) (b) ,i 0. - 70 at 80 eV. Despite some disagreement

in the range from 15 to 25', the experimental
results show an extremal value of ;, 0 . 0.5 at

--. - 35, and show that 01.1 vanishes at 0, - 70 °.The second extremumn is much broader than the

extremum at P. - 35', which indicates that there
is little change In the relative importance of the
two types of scattering in the backward direction.

FIG. 3. The two principal paths for semiclassical Using the results of Madison,"' foc'. = 110.)
scattring of electrons from helium. (a) The electron -0.351 the ratio of repulsive scattering to attrac-
is incident with a negative impact prameter and cat- tive scattering has a maximum vaue of -3. For
ters from the attractive ylarizability potential to the
positive angle, 0,. (b) Th. electron Is incident with a 0, >70, there are two sets of measurements that
positive Impact parameter and scatters from the repul- disagree. The results of Steph and Golden 3 are
sive potential of the lie electrons to the same positive in agreement with the calculation of Madison. 3

angle, 0,. The calculation of Fun ct at.1 lies roughly hall-

,- .. ....... ..... . ... . ......... . -- ,-. ... _
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FIG. 4. The variation of I O'-i with electron scattering angle at different electron energies: (a) 80 eV. (b) 100 eV,
and (c) 200 eV. 0. present work;Q, results of Ref. 1; a. results of Ref. 171; -, calculation of Ref. 13; --- , calcul-
ation of Ref. 16.

way between these results and the results of tering becomes more dominant. This is precisely
Hollywood el atl." which predict that IOT 'l reaches the behavior seen by the experimental results at
its maximum value of 0.5 at 0,- 110. So, the re- 100 and 200 eV for 0, -- 40' shown in Fig. 4. The
sults of Hollywood et al."1 would indicate that re- calculation of Madison is generally in good agree-
pulsive scattering is virtually the only process ment with the present results in this energy range
for back scattering, while the two calculations and and also predicts the behavior of 01', * for 8. , 40*
the results of Steph and Golden3 indicate that re- discussed above.
pulsive and attractive scattering are competing The orientation at fixed scattering angles as a
processes with repulsive scattering dominint by function of energy is shown in Fig. 5. The ex-
a maximum of a factor of 3 or 4. perimental points at fixed angles are joined by

We have discussed the disagreement between the straight lines for clarity. The results show that
two scts of - 'perlm.enta re.ults for A and jX in for 9, 20', 1l' I is virtually unaffected by in-
Steph and Golden 3 where we argued that the ex- creasing energy. Within our semiclassical mo-
perimental technique discussed by Hollywood del, this indicates that small-atigle scattering is
et al."7 could impose systematic error on their due solely to scattering from the long-range po-
data in the direction of the observed disagree- larizability potential. The results also show that
ment. It is also difficult to see how the attractive as energy increases, the position of the first ex-
potential scattering could become completely in- tremum moves to smaller angles.
significant for back scattering at 80 eV, although The nonvanishing components of the alignment
this would certainly be true at much larger ener- tensor (A6"', At., and A0) are related to the
gles as we discuss below. In any case, our semi- average values of quadratic expressions in the
classical model is in qualitative agreement with angular-momentum vector and its components.
the experimental results. Thus it is more difficult to visualize the physical

The behavior of 01.*1 as the electron energy is process that they represent. However, we may

increased may also be explained In our semiclas-
sical model. As E increases, the velocity of the
electron increases and the electron spends less
time in the long-range field of the attractive poten- -

tial. However, the influence of the repulsive po- -
tential is not significantly affected by increasing 0L 3
electron velocity. Thus, as E increases, the
first extremum of 0112' should occur at smaller .' I .
values of 9, and O . should no longer reach its
maximum value of -0.5 at the first extremum. O) I-t
In addition, the angular position of the zero cros-

._Jsing of (4V' should decrease from 70'. The angu- ;C: '0
lar position of the second extremum should de-
crease from 1100 and the value of Of!' at this ex- FIG. 5. The variatlon of 10-1 with electrrn energy
tremuni should decrease toward its minimum value at different .s('%tterlng ,n.ghes.o, pre.sent reszults; o.of -0.5 as energy increa-ses and repulsive scit- results of )ie. 1; / , results oi Pef. 2.

t.
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FIG. 6. The variation of A00 with electron scattering angle at different electron energies: (a) 80 eV, (b) 100 eV, and
(c) 200 eV. The symbols are the same as Fig. 4.

note some maked similarities between the corn- energy is increased, the small-angle extremum

ponents of A and 0. It is clear from Eqs. (5) occurs at decreasing values of LQ, and the size of

and (6) that the behavior of O(P.? and All.' will be the extremum decreases. The similarities in the

similar. The two remaining components of A qualitative behavior of 0 andA imply that the in-

are also not independent, so we need only consi- terplay between long-range attractive potential

der one of them. In Fig. 6 we show the data and scattering and repulsive potential scattering is

calculations for A
°
I at 80, 100, and 200 eV. The responsible for the observed variations.

qualitative behavior of Ao
0

' is strikingly similar

to that of 0'. At 80 eV, there is a narrow ex- ACKNOWLEDGMENTS
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The lifetimes of the d '.i(u'=- 4,5) level, of CO have been ma.sured using a delayed coincidence
technique. The lifetinme for the 'A,~ subbands -here found to 'be 9% shorter than the 'J., and lJ3 su'bbands
while none of the lifetimes showed the J dependence previously repord. The lifetimes of the ..
subbanrds of the a;' = 4 and v' = 5 lcvels wete found to be 4,67±0.33 Its a:.d 4.02+40.32 ps while thc
lifetimes of the 3A, subbands of the vL" 4 and W= 5 levelsi were found to be 4.27-+0.31 its and
3.69-0.34 its. respectively. Long lived cascades with lifetimes of 16.1-0.9 its and 133±1.1 jss were
found to feed the v' = 4 and u' = 5 levels, respectively. Quenching cross sections and the
(d-X):(d---.a) branching ratio are given for v' = 4.5 and discrepancies with previous works are
discussed.

1. INTRODUCTION turbed by the Ainf state. That is, the mixing allos
strong d3 .t(v'=-5)-Xt2; radiation to conipete with the

The radiative decay lifetimes for several of the vibra- d~('5-~1tasto o eouaino h
tional levels of the d 3 .1 state of CO have been studied by stt.nthswktedstews up itd-
a number of authsors. 1-5 Some authors3,4 have reported radiation from a lamp filled with a miture of Kr and
lifetimes which are influenced by a perturbationG-13 be-
tween the d3 _% and A In states while several authlors' 4 '5  C0 2 . The intensity of tha fluorescence from the d-a3

transition was observed as a function of various quench-
have not mentioned this perturbation. Furthermore, ing gases. Three filters were used to separate the sub-
none of these authors have indicated the presence of bad.Oecetrdt525Aiha10Ahl-ih
cascades, was used to monitor the 3A1t subban:d. This filter had a

Lifetimes for the triplet system were first reported 10%,7 peak transmission xidth of 21 A. A second filter
by Fowler and Ifolzberlein t who used a high pressure centered at 5690 A with a 60 A hal-w%idth provid-ed tl;e

region with a bandpass filter. This work reported a ties. This filter transmitted only I - of the 3.1 subband

sito'le nresr'are iadeuendent fast decay of 31 ±4 ns. In relative to the la3slabb-rd . A third filter centered at
tis initial work vibr ational levvls were not resolved 5660 A with a 50 A half -wvidtn was used to pass nmost of
and tse possible perturbation of the d 3 A state by the A [I the 413 A (v'- 5)-_a 3 r, (t,1 =0) band. The quenching of the
state was no'. iscussed. d3A state was discussed only in te;-ns of the different

The lifetime of the d 34(,'=6-10) levels were Inca- quenching gases used.

sured by Wentink et al.2 in a pulsed rf discharge in a The lifetime of the v'= 3 level of the d 3 state was
flowing gas using a gated pulse sampling technique. A more recently measure-1 by Phillijns et1 i/. 4by using a
prism monochroinator was used and spectrally resolv - N5 v emission source to photodissociate CO2 into the
able states wvere studied for a range of pressures from CO d3A(t'= 3) state. The decay curve was generated by
3 to 100 nsTorr. An excitation pulse of 10 As with a fall multiscaling the intensity of the fluorescence from the
time of 410 tis was used to obtain lifetimes in tile range of dl3 A,(u' 3) -X 1 *7 transicion in I ps increments. T he
4. 2 to 5. 2 ;s. However, these authors found their inca- extracted lifetime was 4. 7* 0. 5 jus. Since this trar.si-
sured lifetimes to increase with increasing v', which tion is doubly forbidden, Phillips et al. 4 concluded that
was counter to expectation. In addition, they found all the d state must be perturbed. They, discussed this per-
lifetimes to be pressure dependent with quenching cross turbation of the d3 ,1 state as being due to an interaction
sections within 0. 9-1. 4 x10-15 cm 2, but perturbations with the AlIn state. Althlough the pressure dependence
with the A Ili state were not discussed, of the d state was not discussed, the branching ratio

(d- X):(d- tz) was calculated for the second and third
The radiative lifetime of the d 3a(v' -5) level was later virtoa eeso h 3Asae

found by Slanger and Black3 to be strongzly dependent onl
the rotastion.tl quantum nunlbt-r J for the t, ise where The most recent and most connsurehensive lifetime
CZ= 1. They found the Subiband lifetime to vary f'-omn measurenients of the d 3*A(t' 1-16) states were riade
50 ns to G 4% with increasii';, J. A we,i! .-r dependence by V'an Sprang el al.~ In this work a delayed coincilence
was reporte'd for the 11:- 2 s-ablU.ind and i.'- drependence technique was. used with an electron !-un pulse duiration
was reported for the 2l =3 subbawl. ThebE, results are of 10 its. The energyv of the inci~tcnt electron beamn was
consistent *with the explaatLon thait tit stat is 1per- 13 eV which is neatr t!.(,s\ c; tho electron exci-

tation cross suction 'or Il ie st.A e The radialtion
wats wavelenglth selcced lo' a nioroch,-onrator with a

*Isulporr~d pir by rmat fru,~ N and~ ~bandpass wirl' w.as varied froml 5 to 25 A. It is unclear

lPresont ad Irei's: i'hlz e 1 I artniont, flt-orgia isz~timue of w hlth Ot' ie qlut kb tni, crosi soct100 reported for the
Technologv. AtlataUA 303j !. (I 2a(, 2) - a 'Ii (r" 0) t ra.&nsi t v, n (4. 3 z)' 10" 1$ cm!~) is

6134 J. Chem. Phyt. 72111), 1 June 10210 0021 900 1 16(1z31 063S01.00 0 1980 Ar~r~o !sttue of Phpsics
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TABLE 1. Previously reporto d lifetimes for the ff 14 state of CO.

Van_________ at. Philipsofa._______an l) __________el __a[. _________________

(A (Ref. 5) 1tp77 (Itcf. 4) 1976 (Ref. 3) 1973 (Rtef. 2) 196~7 (Ref. 1) C

1 7515 7 .3 0 b

2 6925 6.62
3 6433 5.75 4.7:L0. 5
4 6010 5.40 0.058-6. 40 (A,)
5a 5647 4.05 2. 17(~)
6 5330 4.90 6. 40 (.5
7 5052 4.1S 5. 0 3 0.a
8e 4806 5.23 4.18
9 4586 4.56 4.36

10 4747 4.464.i
11 4541 4.46 4.57
12' 4718 4.65 0.031
13 4505 4.67
14 4328 4.54
15a 4171 4.16
16 4023 2.94

aReported as highly perturbe:d (Ref. 10).
hThe reported error for all lifetimies was t 0. 6 i~s.
'Different wavelengths were used in every lifetime measurement.
're (6, 1) band w as re~ported as 5. 2 us but this may be due to the a' (v'=- a 'Il (v" 0) tranis".ien.

representative of all the transitions studied. No per- Clearly two questions persist abcut the radiative life-
turbations with the A if] state or any other state were time of the d 3A state. First, are t;- e- vibratioinal levels
reported in this work, of the d3  saeprubd bythe A "I sta-,e and does this

perturbation effect the radia tive liie,*ime of the state by
A tabulation of the previously described work on the opening an additional decay chan-el d-X) causing the

d3 Astte of CO is presentecl in Table 1. The results of stron3 j dependent lifetim~es -rcported by Slanger and
Wentink e., a!. ani Vanl 6prang eaat. 5 agree to better Black? Second, are cascacies oresent wh-ich could indi-
than 3'0 for all but the v' =8 level where a 20%, diserep- cate the population mechanisms involved in exciting the
ancy exists. The lifetime results of Phillips et aW. 4 for d 3A state?
the v'= 3 level disagree with the results of V an Sprang
et al. 5by 22k and the perturbation observed by Phillips In ordrt answer these cucz-r w eesue h
et al. 4 is not even mentioned by Van Sprang el al. 5 The radiative lifetimes of the d-i '= 4. 5) -a 311 (" 0)
results for the r'= 5 level reported by Van Sprang c! al. 5  transitions in a delaye ~ xeirec In th e
and those reported by Slanger and Black3 for the 3A analysis of the data we Lave specifically lookced for cas-
subband d'sagree by more than W-0,. Furthermore, the caeanthefcto '*'- ro ete heA 1

perturbation reported by Slanger and Black3 is not men- and d 3A stateu. Since tLlis . o shajuld only et-
tioe:ed by Van Sprang el a!. 5Finally, the very fast de- fect the 3.%, subband, h crave e:''-anine. the radiative
cay reported by Fowler and Holzberleint has not been decay for each subband individually. We have also cat-
seen in the subsequent wvork except perhaps by Slanger cuae h rnhn~ratio adX:(-) 'or the v' =4, 5
and fllack3 for the low J levels of the 3.% subband of the vibrational levels of the d ?_ stat e.

= 5 lvel 58 n). I. APPARATUS AND PROCEDURE

Throughout the previous lifetime work on the d 3,%h xeietl paa~ osss faple lc
state, no cascades have beon reported. This is some- tron gun, isgas target cell a7ni Fara-'ay cup all located
whal surprisingo since several cascade mechanisms in an ultrahigh vacuum syse has been diescribed
have Leen dicseil1 during~ perturbation arguments. peiul.11Teent~ ; c~w. efl-r 'b

In ~iricuar th A II d.1 nd hee II -cl-- -la Jarrell Ash 1,/4 meter rnonacirrnaor wvith a variablepopulation schemnes have been discussed. If the A 'H bn aso rm 0t 5.X h !lee htn r
state is co.uuled to the 43 state, either radiatively or bdecte rm1dt 5' k 1-i iteldpotn r

throu._h coll isionail transfer, a very fast (9-16 ns) ca- dtce by an R~CA C310,14A-12 ph:nu~pirwhich
Cade wuuld he evldvnt in thle dneav of the (11. state. 11 has been c-ooled to - 20 C. Foe Moosurenients,

If,--ksat sc~pi rdaieyO Cllinil the resultant si.il is .:: 'ta i lyzcd using adoi-
to the d 3A state, two very .;iiilarr lifetimies should be layed coincidence techniiq. C

evident since tire lifctinret of (fhe v3S state is suspected Thf? lifetinri daita wver-e c. .1 fotr a pre sure ranm,
to be about 3 gis. CAppaircntly w~ither u1 th!ese media- from I to 25 niTurr by~i'~'I ' two Time to Am-
nisms have bee(n telervtAl in the previous work on the plitude Colnrerters .!7_ LC% ul-_tiehaxn:nl ana-

(13. stae. yzer(MCA svto~i: .MCA-TAC ss-

J. Chem. Phys., Vol. 72, No. 11, 1 June 190O
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tern was used to acquire data suitable for the analysis of X I0
long-lived excited states (e.g., 82 ns/chanel) while the
second MCA-TAC system was set to look for short lived 2'
states (e.g., 0.5 ns/channel). This double MCA-TAC " 1.V

system allows an unambiguous analysis of the d3A sys- "
tern since this state has a lifetime reported to be be- U 80-
tween 30 ns and 6 gs. 1-5 Clearly, a 30 ns decay could
be improperly analyzed if the data were only collected o 40
at 82 ns/channel. The data were analyzed using a non- (0
linear least squares computer fit with multiple exponen- 100 200 300
tials and the experimental error of the best fit was de- I CHANNEL NO. (81.7 ns/ch)
termined by a grid search technique previously de-

scribed. 17 The errors stated for the lifetimes deter- I
mined in this work are at the 95, confidence level (two z
standard deviations). 8

U 9.8 eV 1
Wavelength spectral scans were conducted in the re- (A

gion of interest at different energies to determine the 4
extent of possible spectral overlap. The two spectf a 0
shown in Fig. 1 were obtained at 9.8 and 11.3 eV, re- .
spectively. The transitions observed depended on the 100 200 300 400
electron energy and were d 3A-a 3H, e3 " -a 3 , CHANNEL NO. (81.7 ns/ch)
a' , - a 31, and B I' - A III which have threshold ener- FIG. 2. Sections of the decay curves for the unperturbed'"
gies of 7.519, 7.879, 6.863, and 10. 776 eV as given by d 3A2 ('=4)-a 31(v" =O) transition of CO for excitation ener-
Xrupenie. 8 These spectra were obtained by multiscaling gies of 9. 8 and 11.3 cV. The presence of a fast decay in the
for 0. 8 s/channel using 0. 5 mm slits (25 A resolution) upper curve in which the excitation en.y is above the B -
in the Jarrell Ash monochromator. The upper trace in threshold is clearly evident.
Fig. 1 shows that the B i2° (u' = 0)- A Irl (v" = 0) transition
is not resolved from the d3 A(v' =4)- 011 (r" = 0) transition.
However, this B-A transition does clearly distort the state, and in order to avoid misinterpreting the results,
spectra when the electron gun energy is increased from we must insure that our electron gun energy is always
9.8 to 11.3 eV. This overlap poses a particularly in- below the threshold of Lhe 3"" state. To stress this
teresting problem at higher gun energies since the point, parts of t'o decay curves at 9.8 and 11. 3 eV are

'if -A 
1i ransitlon is a 34 ns lifetime. 5 Since we shown in Fig. 2 for the unperturbEdd 'x,(t" =4)

wish to determine whether the presence of a fast (30-60 -an3 (v"=0) transition at 6010 A. In the upper curve
ns) decay is indeed associated with the decay of the d 3 A the electron energy was 11.3eV aInd a fast decay is

quite evident. The lifetime of this fast component was
determined to be 34 ns when analyzed on a more suitable

B:+.. AI'H time scale, in excellent agreement with Van Sprang et

(0,2) JO,3) .Jo,4) 5) aZ. for the BI.'2'=0)-Ali trar.5ition. The electronenergy was decreased to 9. 8 eV in the lower curve of
Fig. 2, which is below the B-A t-.reshold. It can be

h ~ i ~seen on Fig. 2 that in this latter case the fast component>"is totally gone. The BIE*(v' =0)- A IIIl(t" = 3) transition
l- ::f' ~~ ~ I .1 i. I }/i;l3eV is clearly resolved from the d3A(u'= 5)-a 3 i'(v"=0)

j ¢ lC ! \j i ] .transition and should onl.y pose a problem when studying

I-- '~the d 3A, subband. Therefore, all lifetime data used in
Z 9this study were collected with the electron gun energy
W b.8e elow the B'E threshold.> 9.8ev

I'- III. RESULTS AND DISCUSSION._J
t, dd 0I All lifetime measurements m:'ade on the d -',(t:'= 4, 5)tw I= te,)(6,0) (71) (50) (40) (30) -a 3 n(v"= 0) transitions indic .ted the presence of two

rL r r F exponentials. However, the cascade found was too long
.lived to be due to the A 1ll or as expected. This

5000 5400 5ta00 6200 6600
WAVELENGTH (4) will be discussed more fully helow.

The reciprocal lifetimes of the pron.pt decays of the*. FIG. 1. Optical spectra of CO oht;*inedl by ;nultikcaling for
subbard~s of the d ..a(v' z- 4, 5) - a 0[I' ) transitions

0.s s/channel using 25 A re.,olution. Two exci tion cnergies
were tse(d to show the s,,ctral uJveL'lap of tLw. I,, . A In transi- are plotted as I function of prtssare in Fig. 3. The
tions on the d3.1- 7 

3  trat;sitions. The unlalehed pcaks in the zero pressure t'xtrap)lated lifetimes for the subbands
- figure belong to the e -- a 1I and a '" -n "ll transitions and of the d 3 a(v = 4. 5) states are listcd in Table II alon

were omited for clarity, with the previously reported lifetimnes for v'=4, 5. It

J. Chem. Phys., Vol. 72, No. 11, 1 June 1980
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_3 _tense fast (34 n:;) lifetime in our studies. This was dis-

-A cussed above as being due to a near spectral overlap
a-A3 with the Dt(,.l - 0)- A ti"11 -- 3) trarsition. This

.10 a  transition (5610 A) would be pnts,-d by the filter centered

3. 5 at 5625 tA used by Slantoer a::J Blck. For all energie%

3.0 above the B ' E threshold used in our lifetime studies we
found that a 20 A bandpass wuuld aflow this fast B state

2.5 to overlap the a, subband but ,not the 3A,, 3 subbands. It

2.0 is then possible that the J dtpendence reported was in
reality a spectral overlap with the B I' " -A 3 ll transition.

35 However we cannot rule out the J depen~dence on the basis
30 W.s of this work. Rather we can state that if there is a J de-

pendence present, it does not strongly affect the life-
times of these states. While this could account for the

2.0 differences reported3
,5 for the 3Al and 3A, lifetimes, it

can not account for the differences in the 3 A lifetime. 3,

4 9 12 16 20 However, the 6.4 ps given by Slanger and Black3 for the

PESSRE CTorr) lifetime of the a, level was arrived at through consider-
ation of the data presented by Wentink et al. 2 and was

FIG. 3. Reciprocal promp lif,,timne. vs pressure for the not directly measured. If we consider the 3.2 and 3A3
J2A(L- 1 , 5) ~- a 3l iv" -0) transitions. The rcctive sub- levels to be unperturbed as previously reported, then webands are identified a:, follo-.%;s: & 3A, (59S2, 5624 A\), 0 %2 i

must conclude that the v' -- 4 level is as influenced by the
16010. 5647 A), andi a (6034, 5I70 A). A 1i state as the v' = 5 state because the transition prob-

abilities for the d-X branches arc 0. 20 x10 s'(v'=4)

and 0. 22>:10 s'(i= 5). We have listd the branching

* is clear from Fig. 3 that the 3, subband does indeed ratio (d-X):(d-a) in Tabtle III for comparison. The
have a sl.ghtly shorter lifetime than the 3.12. 3 subbands values shown in Table Il for the r' = 2,3 (d-X):(d- a)
for both vibrational levels of the d state. Furthermore branching ratios are those reorted by Phillips el al.

* the lifetimes for the 3a, and 3x% subbands are identical If we believe that the addition:al decay channel (d- X) is
within experimental uncertainty. The faster decay ob- open solely because of this perturbation, then the almost
served for the 3.1, level is probably due to the additional equal branching ratios for r' -- 4. 5 would seem to indicate

dcay channel. d-X, which is open due to the porturba- that the two vibrational levels are equally perturbed by
tiun by the A 'Ii discussed by Slanger and 131ack. 3' ' t t3  the A Ill state. However, only tLe t' :. 5 level is reported
However, we do not see the strong J dependence reported to be strongly perturbed" by tihe A IlI st..tc. The v' = 4

* by Stanger and Black 3 for v'= 5. We did see a very in- and u' = 5 levels are both reported to te more perturbed

rMLE I1. Lifetimes and cOllisin.hi quenc'!ii. cross sections for the d 3a ,' 4, 5) states of CO.

Prompt lifetime Cascade lifetime Prompt quenching Cazc.,d quenr ing
::!evstigator t" - 0" X (,A) 7P (Ps) .rc (Ps) cross section (A) ers stio:1 0

2)

!his work 4-0 5982 4.27+0.31 33.3:! 4.2
4-0 6010 4.68+0.33 16.11 *0.9 27.86+1.1 25.5=3.4
4-0 6034 4.65 t 0. 33 22.5+2.1

5-0 5621 3.691 0.31 4.0*2.8 'I
5-0 56.17 4.02 0.32 13.3*1.1 3.65*k2.21 22. 3-6.2
5-0 5670 4.02+0.32 3.65+2.21

,,,.
Slanger and 4-0 5982 ....... ..

Black 4-0 6010 ... .......
(lcf. 3) 4-0 603.1 ......

5-0 5624 0. 0583 -6. 404 .
5--0 5647 2.17 ......
5-0 5670 6.40 ...

Van Sprang 4-0 59 .2 ......
t fit. 4-0 6()10 5. 41) f 0. 60 " 43.5b ..

4- 0 031 ....

5 -0 5t, 2. 4 .. ... .,

5-0 56;17 41.05 0.60 .13.5b

5 -- 0 :,70 .... ...

Itc,,orte.d tor C., 'I s tit. . .M ., l'.we L lc ii n,'.az rtd tr only th, (!-t0) tlx , ,tI1 .

J. Chem. Phys., Vol. 72, Nu. 11, 1 Jmw 19B0 ,
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1AI ILE Ill. Extracted The zero pressure extrapolated lifetimes are also given
(.!- X) :d a) brauching in Table I as are teir collisional quenching cross sec-
ratios for four vibrational tions. While the quenchii., cross sections are about the
levels of the d3A state of same within experimental uncertainties, the lifetimes
CO.

are not the same. Moreover, the cascade lifetimes are
(d-X) : (-a) independent of C which means that the same upper level

feeds all three subbands. However, there are no known
long-lived levels which could be the source of this cas-

3 0.0761 cade. The lower vibrational levels of the a' 3F state
4 0.093b have lifetimes of this order, but the measured lifetimes

5 0.088b of the vibrational levels decrease with increasing v' and ,
consequently, upper levels of the a' state must be ruled

aReported by Phillips et al. out as a possible source. The e- state was mentioned
(Ref. 4). by Slanger and Black as a possible cascade source.

bExtracted in this work. However, the only estimate of a lifetime for the e 3z"

state6 indicates that the c 3' is too short lived to be the
source of this cascade. Currently we are undertaking a

than the v' = 2 and v'= 3 levels, consistent with the trend study of the e3Z" state and our preliminary results con-
observed in Table III. firm Slanger and Black's estimate for the lifetime cf the

e state. Therefore this work indicates that either a new
Although our measured lifetime for the d 2A(v'=4) triplet state exists or, more probably, that the I IL" or

-a 311 "=0) transition and that reported by Van Sprang DtA cascades into the d 3A state.
et al. 5 overlap within experimental error, we believe
all of their results are systematically high due to pres- To check for a possible instrumental error, the ampli-
ence of the cascade discussed above. The effects on a tude ratio of the prompt and cascade decay components
measured lifetime due to the neglect of a cascade have were measured as a function of the excitation pulse
been discussed in detail previously. r In general, errors width. To determine the theoretical effect that the exci-

of 107-20% are common if the intensity of the cascade tation pulse width should have oa the ratio of the prompt

component is a sizable fraction of the prompt decay. decay amplitude to the cascade decay amplitude, we
This point is borne out in that the cascade component ob- need to solve the rate equations for a two level system.
served with the d 3A(v'= 4)-aOil (v"= 0) decay is 25,76 of At the time of cut-off T, the ratio of the prompt decay

the prompt decay, whereas the cascade component ob- amplitude A, to the cascade decay amplitude A,, is
served wita the d SAW' 5) - a 311 (v" = 0) decay is only given by
3- of the prompt decay. When a one-exponential fit is A ._r [ 1Q Xe
made to the data sets instead of a two-exponential fit, A, X Q P, , e -e' J'
the d 3 A(v'= 5)- a 3H(v" = 0) prompt decay lifetime is
only effected by about 1,0 whereas the d 3a(t ,' = 4) where Q, and Qc are. the production cross sections for
-a 311(v" =0) prompt decay lifetime is affected by the prompt and cascade levels. The pressure dependent
15-20-.. This is why we agree so well with the lifetime transition probabilities, X, and X, are given by ,j .
reported for the d3 A(,' 5) state by Van Sprang el al.5  +Noa,- where A, is the Einstein coefficient, N, is the
but are close to one microsecond (15'-,) less than the
lifetime reported by them for the d1A(,'=4) state.

The quenching cross section reported by Van Sprang
et al. 5 for the d 3n state is considerably larger than that _A,
observed by us for either of the d 3A(v'=4, 5) states. 5
However, as discussed above, it is not clear from their TX io1

paper whether the quenching cross section given by them 1.5.
was calculated for just the 43 (v'= 2) -a 3 ("-)10j . ' ' ?

transition or for several transitions. The quenching "-..
cross sections given by Wentink et al. 2 for r'= 6-10 0.0
range from 9 to 14 A which are smaller than our
quenching cross sections for v' 4, 5. If we accept the
value of 43.5 A 2 of Van Sprang et al. 5 as being the .-
quenching cross section of the u'= 2 level and the 9-14 A i_

values of Wentink ct al. 2 as the quenching cross sections ['

for the v' = 6-10 levels, then we can conclude that the 0.5
quenching cross section decreases with inuredasing; r'
for ti,e 1 ,. state. tlowever, thi. work has shown that 8 :;J 2 4 ,, .S 2

the quenching cross section is also a function of Q which P¢SWL-. ,)
is consistent with the d-. channel beinit open. FIG. 4. 1wcimn'.cl lifetim s vs pr.ossure for the casC.e V

ftdim; th,' 4 A(.' 1, 5) i. ,f CO. The respxtivc sub-
The reciprocal lifctime of the canecadc observed in b.,n. i-,nwt :' d i .t f., ... ;: ai. (59 2, " .;24 ) .

this study is plotted as a function of pr .;;ure in Fig. 4. (6o)o, .,; I- .\p, av a 3 .1, 1. .,. A). t
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125 rule. Because of this rule, Van Sprang et at. should

not have seen, and did not see, this perturbation. ltow-

i 100 ever, the strong J coupling reported earlier 3 appears to
I have been the result of spectral overlap with the

7 75 B'fv'= 0)-A l (r' =3) transition which is only 15
away from the center of their 20 A bandpass filter.50 j- This spectral overlap with the B " state is probably

also the source of the fast decay reported by Fowler and25
25 Holzberlein. t

Second, we can conclude that cascades are present..,.nd tOO I.O 104 L09 10O8 llO
t d However, the. cascade is not due to the two mechanisms

(I - e-\T."<I - T )  discussed earlier. We will have to wait for further
work to identify the source of the cascade but we can ,

FIG. 5. Plot of the ratio of the measured amplitudes of the wrto iti thesoue t hae b ut n e aestimate its threshold to be between 7. 8 and 9. 8 eVprompt and cascade decay modes vs the cdculated ratio of the
amplitudes as a function of the excitation pulse width, 7. The since it feeds both the d3A and the c32" states.

-. a pulse width was varied front 6-80 us.
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